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Preface

Holography and photography: two ways of recording, on film,
information about a scene we view with our eyes. Yet, how
different the basic mechanism by which they accomplish
their purpose, and how different the images which result. As
the words holo (complete) and gram (message) connote, the
hologram captures the entire message of the scene in all its
visual properties, including the realism of three dimensions.
The photograph, on the other hand, collapses into one plane,
the plane of the print, all the scenic depth we perceive in
the actual scene.

Perhaps the first demonstration of photography by the
French scientist, Louis Jacques Mandé Daguerre, in 1839,
lulled many who followed him into assuming that he had
found the only, the ultimate, procedure. Daguerre sought to
record, and succeeded in recording, the image formed on the
ground glass screen of a much older invention, the camera
obscura, a device to assist artists in drawing more lifelike
pictures of the scenes before them. The camera obscura was
a box fitted with a lens at one end and a slanted mirror at the
other. The image was then “collapsed” onto a planar ground
glass screen at the top of the box, where the artist could study
it or trace it onto translucent paper. Daguerre’s process of
photography just recorded, on his new, light-sensitive mate-
rial, this collapsed image. Many probably thought: “Why ask
for more?”

Not until 1947 did the British scientist, Dennis Gabor,
conceive of holography, a new and ingenious method for
photographically recording a three-dimensional image of a
scene. As is true of most exceptional ideas, it is hard to un-
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derstand why holography had not been thought of sooner. As
we shall see, it involves merely the quite simple process of
photographically recording the pattern formed by two inter-
fering sets of light waves, one of these wave sets being a ref-
erence wave. Now, a half-century before Gabor, the French
scientist, Gabriel Lippmann, had proposed recording photo-
graphically a light-wave interference pattern (a standing wave
pattern) for a form of color photography. And several dec-
ades before holography, the technology of radio had made
extensive use of reference waves. So the elements of holog-
raphy were all there, waiting for an ingenious mind to as-
semble them into a brilliant idea.

All young scientists and engineers should ponder this point
well. For however holography may benefit mankind in the
future, it has already proved that opportunities continually
exist for combining old concepts into nmew, valuable ideas.
It has shown that one need not have full command of the very
forefronts of science to contribute significantly to progress,
that even a modest understanding of relatively simple proc-
esses permits the ingenious person to contribute in today’s
expanding world of technology.

Although Gabor conceived his idea rather recently, he
was still too early. For the special kind of light needed to
demonstrate the full capabilities of holography, a single-
frequency form called coherent light, was not available in
abundance in 1947. It became available only after the laser,
a new light source first demonstrated in 1960, was developed.
An atomic process called stimulated emission is responsible
for the light generation in a laser, and the name laser is an
acronym formed from the words Light Amplification by the
Stimulated Emission of Radiation. Because the light sources
available to Gabor in 1947 could not fully demonstrate
holography, it lay almost dormant for many years. In 1963,
the American scientist, Emmett Leith, introduced the laser
to holography. The subsequent advances made by him, by
another American scientist, George Stroke, and by their
many co-workers, led to a tremendous explosion in holography
development, having its “ground-zero” at the original Leith-
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Stroke base of operations, the University of Michigan in
Ann Arbor.

A hologram records the interference pattern formed by the
combination of the reference wave with the light waves issuing
from a scene, and when this photographic record is developed
and again illuminated with laser light, the original scene is
presented to the viewer as a reconstructed image. This image
manifests such vivid realism that the viewer is tempted to
reach out and try to touch the objects of the scene. The holo-
gram plate itself resembles a window with the imaged scene
appearing behind it in full depth. The viewer has available
to him many views of the scene; to see around an object in
the foreground, he simply raises his head or moves it left or
right, in contrast to the older, two-photograph stereo pictures
which provide an excellent three-dimensional view of the
scene, but only one view. Also, photography uses lenses, and
lenses allow only objects at a certain distance from the camera
to be in truly sharp focus. In the hologram process, no lenses
are used, and all objects, near and far, are portrayed in its
image in extremely sharp focus.

Gabor first used the term hologram, and although various
words could have been devised to describe the general holo-
gram process—for example, hologrammetry—hologram pioneer
George Stroke proposed holography, and this has become the
generally accepted term. To give the reader a general over-
view of the hologram process, the first chapter will describe
holography in two of its simplest forms. Later chapters will
review some of its underlying wave concepts, including co-
herence, diffraction, interference, and the way lasers generate
their special coherent light. Finally, the nature of the holo-
grams themselves will be discussed.
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Chapter 1

Holograms as Wave Patterns

In this chapter, holography will be described in very simple
terms; a more thorough treatment of its many unusual aspects
will be presented in succeeding chapters. Here we shall con-
sider holography simply as the photographic recording of
an interference pattern between two sets of light waves.

Properties of Waves
Certain basic properties of wave motion are manifested

by water waves created when a pebble is dropped on the sur-
face of a still pond, as shown in Figure 1. Because all wave

Figure 1, Water waves on a pond. The speed v is called the veloc-
ity of propagation; the distance from crest to crest, the wavelength
; and the periodicity of the up-and-down motion of a point on
the surface, the frequency f (or »).
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energy travels with a certain speed, such water waves move
outward with a wave speed or velocity of propagation, v.
Waves also have a wavelength, the distance from crest to
crest; it is usually designated, as shown, by the Greek letter A.
If, in Figure 1, we were to position one finger so that it just
touched the crests of the waves, we could feel each crest as it
passed by. If the successive crests are widely separated, they
touch our finger less frequently than if the crests are close
together. The expression frequency (f or the Greek letter nu,
) is therefore used to designate how often (how many times
in one second) the crests pass a given point.-

Obviously, the velocity, the wavelength, and the frequency
(stated as cycles per second) are related by the expression:

frequency equals velocity divided by wavelength (1).

This says simply that the shorter the wavelength, the more
frequently the wave crests pass a given point, and similarly,
the higher the velocity, the more frequently the crests pass.
No proportionality constant is needed in equation (1) if the
same unit of length is used for both the wavelength and the
velocity and if the same unit of time (usually the second) is
used for both the frequency and the velocity.

Water waves move fairly slowly; their progress readily
can be observed on a still body of water. Sound waves travel
much faster. Their speed, the speed of sound, is eleven hun-
dred feet per second (over six hundred miles an hour). A
sound wave having a frequency of 1100 cycles per second
(this is approximately the frequency of a note two octaves
above middle C on the piano) has a wavelength of one foot.
Light waves have the highest velocity of all, one hundred
and eighty-six thousand miles a second. Violet light has the
extremely short wavelength of sixteen millionths of an inch.
Because a hologram is a photographic recording of a light
wave pattern, we shall see that the extremely short wave-
lengths of visible light place rather severe requirements on
the photographic plate used in the process.
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Wave Uniformity

The water waves of Figure 1 are somewhat unusual. First,
they are extremely regular; second, they are waves of only
one wavelength. Had there been strong winds blowing on
the pond, waves of many different wavelengths would have
been observed, and they would, in general, have been travel-
ing in many different directions, causing irregular wave pat-
terns. For other types of wave motion, such as sound waves or
light waves, such uniform, single-wavelength waves are also
rather unusual. The sound waves of noise, for example, are
multiwavelength and very irregular, as are the light waves
issuing from ordinary incandescent lamps.

Nevertheless, single-wavelength sound waves and light
waves can be generated, and they then behave exactly like
the water waves of Figure 1. The space pattern of uniform,
single-frequency sound waves, radiating from the receiver unit
of a telephone headset, is shown in Plate 1. This sound wave
photo was made by minutely scanning the entire area of the
sound field with a sound-sensitive microphone, converting the
microphone signal to light intensity, and photographically
recording the varying light signal.* The resemblance of this
pattern to the pattern of water waves in Figure 1 is evident;
the white areas can be considered as crests of the waves and
the dark areas as troughs. A similar circular pattern of single-
wavelength microwaves is shown in Plate 2; these microwaves
are very short wavelength radio waves, and, like light waves,
are electromagnetic in nature (rather than mechanical as are
the sound waves of Plate 1).

Interference

Now, if the simple and uniform set of sound waves of Plate
1 or the set of electromagnetic waves of Plate 2 were to meet a

* For further details on this wave-recording technique, see the au-
thor’s Science Study Series book, SOUND WAVES AND LIGHT WAVES, Dou-
bleday, 1965.
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second set of similarly uniform, single wavelength waves, a
phenomenon called inferference would result. At certain
points, the two sets would add a condition called constructive
interference, and at others, they would subtract a condition
called destructive interference. As sketched at the left of
Figure 2, when the crests of one wave set, A, coincide with
the crests of a second set, B, constructive interference occurs,
and the height of the combined crests increases. When, on
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Figure 2. Two waves of the same wavelength add (at the left) if
their crests and troughs coincide, and subtract (at the right) if
the crest of one coincides with the trough of the other.

the other hand, the crests of one source coincide with the
troughs of the second source, as shown on the right, destruc-
tive interference occurs, and the combined crest height is
lowered. For sound waves, such additive and subtractive
effects cause increases and decreases in loudness in the sound
pattern; for light waves, they cause variations in brightness
or light intensity.
~ When each of the two interfering wave sets is simple, the
interference pattern (the positions where wave addition and
wave subtraction occur) can be predicted and portrayed
easily. On the other hand, when the wave sets are compli-
cated, the interference pattern becomes very confused. Plate 3
portrays a moderately complicated interference pattern
formed by the combination of a simple set of sound waves
and the more complicated set of sound waves passing into the
shadow area of a wooden disk. (We shall discuss this pattern
in more detail in Chapter 4).

HOLOGRAMS AS WAVE PATTERNS -1

Making a Hologram

In forming a hologram, two sets of single-wavelength light
waves are made to interfere. One set is that issuing from the
scene to be photographically recorded; almost invariably, it
is an extremely complicated wave set. The other is usually
rather simple, often being a set of plane waves. This second
set is called the reference wave, and, in reproducing or re-
constructing for the viewer the originally recorded scene, a
set very similar to the original reference wave set is used to
illuminate the developed photographic plate, the hologram.

The two sets of hologram waves are caused to interfere at
the photographic plate, as shown in Figure 3. Here the
“scene” comprises a pyramid and a sphere. The objects are

PLANE
WAVES PHOTOGRAPHIC

PLATE
LASER ,
LIGHT
—_—

Py L REFLECTED WAVES
{ COMPLICATED WAVE
/ PATTERN }
THE SCENE == LASER
{ TWO OBIECTS ) +—— 1GHT
‘.—

Figure 3. In making a hologram, the scene is illuminated with
laser light, and the reflected light is recorded, along with a refer-
ence wave from the same laser, on a photographic plate. The plate
is then developed and fixed.

illuminated by the same source of single-wavelength laser
light which is forming the plane waves at the top of the figure.
Because the wavefronts of the set of waves issuing from the
scene are quite irregular, the interference pattern in this case
is quite complicated, much more complicated than the pattern
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of Plate 3. After exposure, the photographic plate is devel-
oped and fixed, and it thereby becomes the hologram. When
it is illuminated, as shown in Figure 4, with the same laser

%
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Figure 4. When the developed plate of Figure 3 is illuminated

with the same laser reference beam, a viewer sees the original
“reconstructed,” standing out in space, with extreme realism,

behind the hologram “window.”

light used earlier as the reference wave, a viewer imagines

he sees the original two objects of Figure 3 in full three di-
mensions.

A Photographic Grating

To understand how such a light wave interference pattern,
once photographically recorded and then developed, can later
re-create a lifelike image of the original scene, we must first
examine two rather simple interference patterns. The first is
that formed by combining two sets of plane waves. As

HOLOGRAMS AS WAVE PATTERNS )

sketched in Figure 5, the'combination of sets A and B causes
wave addition to occur along those horizontal lines of the
photographic plate where the positive crests of the two sets
reinforce each other (marked +-+). Wave diminution oc-
curs where the positive crest of one meets the negative trough
of the other (marked +—). The light intensity is greater

Ty

WAVE
SET A

e

PHOTOGRAPHIC
PLATE

Figure 5. When two sets of single-wavelength plane waves meet,
interference occurs; where wave crests and troughs coincide,
wave addition results; and where a crest of one coincides with a
trough of the other, wave cancellation occurs.

along those lines where the light energy adds, and accord-
ingly, the plate is more strongly exposed there. Conversely,
along those lines where a diminution of energy exists, the
plate is more weakly exposed. Parallel striations of light are
thus recorded on the photographic film, and after the plate
is developed and fixed, these striations appear on the film as
lines. A photographic record of this type is shown in Plate 4,
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The photographic record of Plate 4 is a form of wave
grating, a widely used optical device usually made by ruling
parallel lines very close together on a piece of glass. If such a
ruled grating, or the photographic grating just described, is
illuminated by horizontally traveling plane waves, these plane
waves are affected by the array of horizontal lines in a well-
known way. This is shown in Figure 6. A large portion of

UFWARD DEVIATED

UNDEVIATED

RECONSTRUCTING WAYES

WAVE SET

Figure 6. When the line pattern of Figure 4 (as recorded in the
process sketched in Figure 5) is illuminated with the original,
horizontally traveling set of plane waves, two off-angle plane
wave sets and one straight-through plane wave set result. One
of the off-angle sets travels in the same direction in which the
original off-angle wave set was traveling.

the light wave energy passes straight through the grating, as
light would pass through any nonopaque photographic film
which has been exposed, developed and fixed. In addition,
because the reconstructing waves are again single-wave-
length waves, the line pattern will cause some of the wave
energy to be deflected (diffracted) at angles off the main
direction.

We saw in Figure 2 that when wave crests coincide, wave
height increases. This same additive condition can also occur

e

T e
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if one of the two wave sets falls behind the other by a full
wavelength (or any integral number of wavelengths). Thus,
in the left-hand sketch of Figure 2, addition would still occur
even if the lower wave were to be slid one full crest to the
left or right. Similarly, for the grating of Figure 6, wave en-
ergy passing through the open spaces will add, not only in the
forward, horizontal direction, but also for those two directions
for which one open area is one full wavelength behind the
next higher, or the next lower, open area. In the figure, these
two off-axis directions are indicated, one where wave energy
is deviated or diffracted upward, and one where it is diffracted
downward. For the upward direction, the waves emerging
from each transparent area are one wavelength behind those
leaving the transparent area immediately above it; for the
downward direction, waves emerging from each transparent
area are one wavelength behind the waves leaving the area
immediately below it. Waves passing through the transpar-
ent areas thus add constructively in the three directions
shown, including two sets of diffracted waves.

Note particularly that the downward diffracted set in Figure
6 is proceeding in exactly the same direction as the original
set, B, of Figure 5 would have traveled, had the photographic
plate not been present. Accordingly, a viewer in the path of
these reconstructed waves would imagine that the source
which generated the original set, B, in Figure 5 was still lo-
cated behind the hologram. The photographic hologram grat-
ing is thus able to “regenerate” or reconstruct a wave progres-
sion long after it has ceased to exist. The hologram grating
of Figure 6 also generates a second set of upward-moving
waves which were not present originally.

A Photographic Zone Plate

The second wave interference pattern of importance in
holography is that formed by the interference between a set
of plane waves and a set of spherical waves. In this case, a
circular pattern is formed instead of the parallel line striations
of Plate 4. A cross section of this circular pattern is sketched
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in Figure 7. As in Figure 5, parallel plane waves (set A) are
again shown arriving from the left, and they interfere at the
photographic plate with the spherical waves (set B) issuing
from point source, P. Again, as in Figure 5, areas of wave
subtraction and addition exist. In this case, however, as the
distances increase from the central axis, the separation be-

PHOTOGRAFPHIC
PLATE

SET A o -

Figure 7. When two sets of single wavelength wave sets, one
plane and the other spherical, meet at a plane, a circular interfer-
ence pattern results, with the separation of the outer circles con-
tinually decreasing.

tween these areas lessens. The uniform spacing of striations
of Plate 4 no longer exists; in addition, the spherical waves
generate rings rather than parallel striations.

A photographic recording of an interference pattern be-
tween plane and spherical light waves is shown in Plate 5; it
was made by photographing the pattern generated when

HOLOGRAMS AS WAVE PATTERNS 11

plane and point source, single-frequency light waves inter-
fere. Whereas the record of Plate 4 is called a grating, the
record of Plate 5 is called a zone plate. The similarity be-
tween holograms and zone plates was first noted by the British
scientist, G. L. Rogers, in 1950. Sections located near the
central top and central bottom edges of Plate 5 of this pattern
resemble somewhat (except for the slight curvature) the
horizontal line pattern of Figure 5 and Plate 4. Thus, it is to
be expected that, as in Plate 4, when this pattern is illuminated
with plane waves, three wave sets will again be generated.

Figure 8. When the upper portion of the circular line pattern of
Plate 5 (as recorded in the process sketched in Figure 7) is illu-
minated with the original, horizontally traveling set of plane
waves, three sets of waves result. One set travels straight through
horizontally; another acts as though it were diverging from the
source point of the original spherical waves; and the third is a set
which converges toward a point on the opposite side of the re-
corded circular pattern.

This is shown in Figure 8. As before, a portion of the re-
constructing plane wave set arriving from the left is undevi-
ated, passing straight through the photographic transparency.
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The circular striations near the top of the drawing act as do
the horizontal lines of Plate 4; they cause energy to be dif-
fracted both upward and downward. Because, however, the
pattern of striations is circular, the upward waves travel out-
ward as circular wave fronts originating at the point, Pv.
These waves form what is called a virtual image of the origi-
nal point light source P (virtual, because in the reconstruc-
tion, no source really exists there). These waves give to an
observer, located where the words “upward waves” appear
in Figure 8, the illusion that an actual point source of light
exists there, fixed in space behind the photographic plate no
matter how he moves his head. Furthermore, this imagined
source exists at exactly the spot occupied by the original
spherical wave light source used in making the photographic
record.

As occurs with the plane wave interference pattern of Fig-
ure 6, a third set of waves is also formed by the spherical
wave pattern. In Figure 8 this set is shown moving down-
ward, and because the recorded pattern is circular, these
waves are focused waves. They converge at a point which is
located at the same distance to the far side of the photographic
record as the virtual source is on the near side. The circular
striations cause a real image of the original light source, P,
to form at Pr (real—a card placed there would show the pres-
ence of a true concentration of light).

The Complete Hologram Process

The complete, two-step hologram process is shown in Fig-
ure 9. Here, a pinhole in the opaque card at the left serves
as the “scene,” a point source of spherical waves. These in-
terfere at the photographic plate with the plane waves arriv-
ing from the left. The upper portion of the circular inter-
ference pattern is photographically recorded. When the
photographic plate is developed and fixed and then placed in
the path of plane light waves, as shown in the diagram on the
right, a virtual image of the original pinhole light source is
formed at the conmjugate focal point, Fc. A viewer at the

PLANE WAVES

_—
LASER \
LIGHT 1|

>0
rBPHERICAI;
PINHOLE WAVES
(4)

SECOND FOCUSED
IMAGE(DISCARDED)

(B)

Figure 9. Plane reference waves interfering with spherical waves
issning from a pinhole from a zone-plate interference pattern (A),
which, when photographically recorded and reilluminated with
laser light, generates waves appearing to emanate from the original
pinhole (B).
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upper right thus imagines he sees the original light from the
pinhole. The real image (the focused image) appears at the
true focal point as shown; in the usual viewing of a bologram,
this second wave set is not used. In this figure, the straight-
through, undeviated waves are not shown.

In Figure 10, a similar photographic recording procedure
is sketched, except, for this case, the original scene is one hav-
ing not a single pinhole, but three pinhole sources of light,
each in a different vertical location and each at a different
axial distance from the plane of the photographic plate. We

PHOTOGRAPHIC
PLATE

SPHERICAL
WAVES ( 3 8ETS)

\

§ PINHOLES

Figure 10. If the single pinhole of Figure 9 is replaced by three
separated pinholes, the zone-plate patterns of all three are photo-
graphically recorded; when this photograph is re-illuminated, all
three pinholes are seen in their correct three-dimensional positions.
A more complicated three-dimensional scene can be considered
as many point sources of light, each generating, on the hologram
plate, its own zone plate; each of these zone plates will then re-
construct its source in its original three-dimensional position.

see that each of the three light sources generates its own cir-
cular, many-ring pattern, comparable to the single pattern
of Figure 9. (In the figure, only the first two central circular
sections of these three patterns are indicated.) The upper
portions of the three sets of circular striations (those encom-
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passed by the photographic plate) are recorded. When this
film is developed and fixed and then reilluminated, as was
done for the single pinhole recording of Figure 9, three
sets of upward waves and three sets of focused waves are gen-
erated. Of particular importance, from the standpoint of
holography, is that virtual images of each of the three pin-
holes is generated (by the upward, diverging waves), and a
real image of each is formed by the downward, converging
waves. The virtual images cause a viewer at the top right to
imagine that he sees three actual point sources of light, all
fixed in position and each positioned at a different (three-
dimensional) location in space. From a particular viewing
angle, source number three might hide source number two.
However, if the viewer moves his head sideways or up or
down, he can see around source number three and verify
that source number two does exist.

The Hologram of a Scene

All points of any scene that we perceive are emitiing or
reflecting light to a certain degree. Similarly, all points of a
scene illuminated with laser light are reflecting light. Each
point will have a different degree of brightness; yet, each re-
flecting point is a point source of laser light. If a laser ref-
erence wave is also present, each such source can form, on a
photographic plate, its own circular interference pattern
in conjunction with the reference wave. The superposition of
all these circular patterns will form a very complicated in-
terference pattern, but it will be recorded as a hologram on
the photographic plate, as was sketched in Figure 3. When
this complicated photographic pattern is developed, fixed, and
reilluminated, reconstruction will occur and light will be
diffracted by the hologram, causing all the original light sources
to appear in their original, relative location, thereby provid-
ing a fully realistic three-dimensional illusion of the original
scene.




Chapter 2

Coherence

In the preceding chapter, the light waves discussed in forming
holograms were referred to as single wavelength or, what is
the same thing, single-frequency waves. Waves which have
this single-frequency property are said to have good frequency
coherence. Thus, light from a laser (particularly a gas laser)
is said to exhibit an extremely high degree of frequency
coherence. Because of the importance of wave coherence
in holography, let us examine what the term coherence means.

Frequency Coherence

We noted that some water waves, some sound waves, and
some light waves are single wavelength and rather uniform.
One method of indicating the single wavelength nature of a

440 CYCLES PER SECOND

LOUDNESS

FREQUENCY IN CYCLES
PER SECOND OR HERTZ

Figure 11. A wave, such as a sound wave, comprising but one
single frequency, is represented in this way.
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sound wave (the extent of its frequency coherence) is by
portraying the frequency analysis of the waves. In Figure 11,
such an analysis is presented for a single-frequency sound
wave. The frequency content is plotted along the horizontal
axis, and the amplitude or loudness of each frequency com-
ponent is specified by the height on the vertical axis. The fre-
quency or pitch of the one-frequency component of this
sound is indicated as 440 cycles per second (the note A in the
musical scale), and its loudness as two (arbitrary) units,
Such a tone would be classed as having an extremely high
frequency coherence.

An analysis of a somewhat more complicated sound is
shown in Figure 12. This sound is one comprising a funda-

A

| ,“.J."J..

800 1000

FREQUENCY

Figure 12. A periodic wave may have many harmonics, all of
which are integral multiples of the fundamental frequency.

mental tone (the lowest frequency tone) and many over-
tones, with all overtones being harmonically related to the
fundamental. Like the single-frequency sound, this tone also
wonld be musical in sound because its waves constantly repeat
themselves at the rate of the fundamental.

A still more complicated sound is the sound of noise. Noise-
like sounds are very irregular, and therefore, they have little
coherence. They include, for example, the sound of a jet air-
craft or the sound of howling wind in a storm; such sounds
have a broad, continuous spectrum of frequencies. The analy-
sis of an exemplary noiselike sound is sketched in Figure 13.
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The sound portrayed in Figure 11 is that of a perfectly
pure, single-frequency sound; in other words, it is one of
infinitely high frequency coherence. Actually, such absolutely
perfect waves do not exist; however, the extent to which a
wave approaches this perfection can be specified. Figure 14

//

FREQUENCY

A

LOUDNESS

Figure 13. A non-periodic wave can be “noiselike” and possess a
broad spectrum of frequencies.

AMPLITUDE

A

WIDTH 18

10 CYCLES

PER SECOND =
(OCNE PERCENT

OF 1000 CPs)

1000 CYCLES PER SECOND
FREQUENCY

Figgu'e 14, When a non-periodic wave approaches in its nature a
periodic wave, its spectrum narrows.
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shows the representation of a noiselike sound whose compo-
nents extend over a fairly narrow frequency band. The extent
to which such a signal approaches one having an infinitely
narrow band, that is, a single-frequency content, can be speci-
fied by stating the width of its frequency band as a percentage
of the center frequency. In Figure 14, the bandwidth is ten
cycles per second, and the central frequency component is
1000 cycles per second. Thus, the sound is one having a one
percent frequency spread or a bandwidth of one percent.

Frequency Stability

Another way of specifying how closely a coherent wave
approaches perfection is by stating its frequency constancy
or frequency stability. The very fact that there is a frequency
spread in the analysis of Figure 14 indicates that the frequency
of the tone involved wavers back and forth in pitch over the
frequency band shown. It is, accordingly, not absolutely con-
stant in pitch, and the specifying of a one percent bandwidth
is equivalent to the statement that the tone has a frequency
instability (or stability) of one part in one hundred.

Electronic sound wave generators (called oscillators), such
as those used in electronic organs, employ various procedures
to achieve a high degree of pitch or frequency stability. Such
procedures avoid the need for periodic tuning of the instru-
ment. Some audio oscillators achieve a frequency stability of
one part in a million or better.

Radio waves, also, usually are generated electronically, and
they, too, can be made very constant in frequency and, there-
fore, highly coherent. We saw in Plate 2 a set of highly co-
herent microwave radio waves. The need for extremely high
frequency stability oscillators in certain radio applications led
to the development of an exceedingly narrow-band radio de-
vice utilizing atomic processes to achieve its stability. It is
called the maser, an acronym for “Microwave Amplification
by Stimulated Emission of Radiation.” One variety, the hydro-
gen maser, can achieve a frequency constancy of not one
part in a hundred or one part in a million, but of one part in
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a million million. Following the development of the micro-
wave maser, its principle was extended to the light wave
region, and light wave “oscillators” having very high coher-
ence then became available. These are now called optical
masers or LASERS (Light Amplification, rather than Micro-
wave Amplification).

One form of laser, the gas laser, exhibits a particularly
high frequency constancy and, accordingly, it is the one
most often used for making holograms. Another form, the
pulsed laser, provides higher intensity light but generally its
light has less coherency. Earlier forms of coherent light sources
(the ones available to Gabor in 1947) produce light which is
less intense and less coherent than the light produced by a
laser.

Spatial Coherence

Thus, with the laser, light baving a high degree of frequency
coherence can be genmerated. For holography, however, a
second form of coherence is required, namely, spatial coher-
ence. Many of the figures of the previous chapter showed
single-frequency waves which were also very uniform. The
availability of such uniform waves is just as important in
holography as the availability of single-frequency waves. This
requirement is particularly evident when the uniformity of the
reference beam is considered.

When plane light waves from a highly coherent laser are
passed through a ground glass plate, they are no longer plane
waves; they are badly jumbled and mixed up. We noted that,
in reconstructing a hologram, the original reference beam and
the later reconstructing beam must be alike; otherwise, the
hologram scene will not be reproduced faithfully. If the origi-
nal reference beam used were a badly jumbled one, the rather
formidable problem would exist in the reconstruction process
of providing a second, jumbled-up beam exactly like the ref-
erence beam.
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Coherent Waves from Small Sources

Both spatial coherence and frequency coherence are
needed for holography. Fortunately, once a wave generator
which can generate waves having good frequency coher-
ence is available, the same generator can usually also form
waves having good spatial coherence.

For sound waves or microwaves, spatial coherence is easily
obtainable because the wave generators themselves can be
made very small, only a wavelength or so across. It is seen,
for example, in Plate 1, that the crest-to-crest distance or wave-
length of the sound waves are significantly larger than the
size of the telephone receiver unit from which they are issu-
ing. Also, in Plate 2, the very short radio waves called micro-
waves are seen issuing from the small, rectangular metal tube
shown at the left. In microwave terminology, this tube is called
a wave guide and, like the telephone receiver in Plate 1, it, too,
is smaller in size than the 1.3-inch wavelength microwaves
issuing from it. Thus, both sound waves and microwaves
can be radiated from sources whose dimensions are a wave-
length or more in dimensions.

Plate 6 shows how the circular pattern of microwaves is-
suing from the wave guide at the left can be converted, by
the structure immediately to its right (a metal microwave
lens), into the plane wave microwave pattern displayed at
the right of the lens. The photo demonstrates that coherent
microwaves, like coherent sound waves, can be placed in plane
wave patterns. Just as the spherical sound waves of Plate 1
or the spherical microwaves of Plate 2 correspond to the
spherical light waves sketched in the hologram process of
Figure 7, so the plane microwaves of Plate 6 correspond to
the plane light waves sketched in Figure 7.

A Microwave Hologram

It is perhaps of interest to note briefly that the photographic
record of Plate 6, first published in 1951 by the author and
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his Bell Telephone Laboratories colleague, Floyd K. Har-
vey, can be considered to be one of the early holograms. It
is not a visible light hologram but a microwave hologram
and was made as shown in Figure 15. A single coherent wave
source (a klystron microwave generator) formed two wave
sets; one was the wave set of interest (the lens waves); the

Figure 15. Two sets of coherent microwaves generated by the
klystron at the upper left (one set being an off-angle reference
wave) are caused to interfere at the scanning plane. The micro-
wave interference pattern is converted into a light pattern by the
scanning mechanism, and it is recorded by a camera set at time
exposure.

other was a set of reference waves emerging from the horn at
the right. The interference pattern generated by these two
wave sets was recorded photographically in a way similar
to that employed in recording the sound-wave pattern of
Plate 1 (that photo, incidentally, can be looked upon as an
acoustic hologram). A microwave detector was made to scan
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the microwave field. Affixed to it was a neon lamp whose
brightness was made to correspond at every spot to the inten-
sity of the microwave field. This varying light intensity was
recorded by means of a camera set at time exposure. The
picture formed is a photographic recording of the fringe pat-
tern (the white vertical lines) generated by the interference
between a set of microwaves of interest and a set of ref-
erence waves; it is, therefore, a hologram. At the time it origi-
nally was made (to show wave patterns visibly), its hologram
nature was not realized.

A Real Acoustic Image

In Plate 7, spherical sound waves are issuing from a small
horn at the left and are being redirected by an acoustic lens
at the right center of the photo. The outward-spreading
waves at the left are transformed by the lens into inwardly
moving waves on the right; these converge at a focused area
and then expand outward as though they are again emanating
from a sound source, such as the horn at the far left.

The photo portrays wave actions which can be compared
to several of the hologram reconstruction waves sketched
in Figure 8. The converging waves immediately to the right
of the lens correspond to the downward-converging waves
in Figure 8, which create a real image at Pr. These converging
sound waves also form a “real image”; that is, they cause a
concentration of sound energy as evidenced by the white areas
being thicker and brighter at the focal area. To the right of
the focal area, the waves are diverging as though issuing
from a new sound source. An observer far to the right would
imagine that a source existed there just as an observer of the
upward-diverging waves in Figure 8 would receive the im-
pression that a light source existed at Pv. Actually, the wave
concentration in Plate 7 is strictly classed as a real image,
whereas the one in Figure 8 is classed as a virtual image.
(We shall see later that in certain holograms the real image
can be just as realistic as the virtual image usually displayed
for the viewer in holography.) Above the lens, the waves
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from the horn are not affected by the lens, and they pass by
undeviated just as the undeviated or zero order waves of Fig-
ure 8 pass right through the hologram.

That waves of high frequency coherence can be formed
into waves having high spatial coherence is shown in Plate
8. The small horn on the left (it is the same horn shown in
Plate 7) has spherical waves issuing from it, and the large
acoustic lens in the center converts these into the large plane
wave field at the right. Plate 9 shows this same lens mounted
in the aperture of an acoustic horn or megaphone. There it
similarly converts the diverging, spherically expanding waves
within the horn into the plane waves seen at the right of the
aperture in Plate 10. For the sound waves used, this horn-
lens aperture is approximately thirty wavelengths across.

The Extremely Short Wavelengths of Light

The wavelengths of light waves are extremely small; thus,
we noted earlier that violet light has a wavelength of only
sixteen millionths of an inch (an optical lens 1.6 inches across
would extend over 100,000 wavelengths of violet light).
Because light wavelengths are so extremely small in size, it
is practically impossible to construct a light generator the
size of one light wavelength. Accordingly, the technique we
have discussed for generating spatially coherent sound waves
or radio waves—that of starting with a one-wavelength radia-
tor and using lenses or reflectors to form spatially coherent
plane wave fields—is not feasible for generating spatially co-
herent light waves.

Thus, two problem areas exist in achieving coherent light;
one is that of achieving good frequency coherence, and the
other is that of achieving good spatial coberence. Ordinary
light sources, such as incandescent lamps, are “noiselike”
in nature, exhibiting a very poor degree of frequency coher-
ence. Furthermore, they possess a luminous area which is ex-
tremely large compared to one light wavelength. Even if
the light from each and every tiny light generator on the in-
candescent surface were to be single-frequency light, spatial
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coherence would still be lacking because the light would be
generated randomly and independently at millions of tiny
points over the luminous area. Such high frequency-coher-
ent, poor spatially coherent light would resemble laser light
which has passed through a ground glass screen.

We shall see in the next chapter that, fortunately, lasers
differ from previous light sources in two ways. First, the
light from a laser stems from one particular atomic energy
transfer process, and this causes its frequency content to be
very pure (the light is single-color or monochromatic). Sec-
ond, it employs reflecting surfaces in the light generation
process which cause the light to be emitted in the form of ex-
tremely plane waves whose wave fronts are many, many
wavelengths across. Lasers thus have made available light

having both good frequency coherence and good spatial co-
herence.



Chapter 3

Lasers

Several classes of lasers are now available. They include the
pulsed or ruby laser (often called the solid state laser),
the gas laser, and the semiconductor or injection laser. The
laser process was first achieved and demonstrated with the
first type; it also produces the most powerful light pulses.

The First Laser

We noted earlier that the earliest stimulated emission de-
vice to be developed was the microwave maser, first demon-
strated in 1945, For its development, the Nobel Prize in Phys-
ics was awarded jointly in 1964 to the U.S. scientist, Charles
H. Townes, then at the Massachusetts Institute of Technology
in Cambridge, Massachusetts, and to the Soviet scientists,
A. M. Prokorov and N. Basov, both at the Lebedev Institute
in Moscow. Following the success of the maser, many work-
ers endeavored to extend its use from microwaves to light
wavelengths, In 1960, the U.S. scientist, T. H. Maiman, then
at the Research Laboratories of the Hughes Aircraft Com-
pany in California, demonstrated the first laser, using a ruby
rod as the active element. His original laser is shown in Plate
11. Since the basic process for generating light is common to
all three types of lasers, let us examine the workings of Mai-
man’s ruby laser in some detail.

The active material, which can be ruby or various kinds of
especially “doped” glass, is shaped into a cylindrical rod, as
shown in Figure 16. Around this rod is wrapped a helical
flash tube which, when connected to a powerful source of
stored electrical energy, emits a very short and intense burst
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of broad band (incoherent) light. Some of this light energy
is absorbed by the atoms of the rod, and in the process, the
atoms are excited, i.e., they are placed in an enmergy state
which is at a higher energy level than the state in which most
of them “reside.” Energy is thereby stored in these atoms,
and when they return to their normal unexcited state (we
shall call this the ground state), they release their stored
energy in the form of light waves.

PARTIALLY
HELICAL REFLECTING
SURFACE

LIGHT
REFLECTING
SURFACE

RUBY ROD
POSITION "A"

Figure 16. The essential parts of Maiman’s ruby laser. (For sim-
plicity in the text, the reflectors are here shown separated; they
usually are provided by silvering the flattened ends of the ruby
rod.)

Up to this point, there is nothing special about the light-
emitting process just described; practically all light sources
generate their light in this way. The atoms in an incandescent
lamp filament are excited to higher energy states by the heat
energy provided by the electric current passing through the
filament, and as these atoms return to lower energy states
(only to be again excited), they release this energy difference
in the form of light.

The Danish scientist, Niels Bohr, suggested many years
ago that the radiation of spectral lines by atoms could be ex-
plained by assuming that electrons revolve about the atom’s
nucleus in certain fixed orbits (like the planets circle the sun)
and that each of these orbits represents a definite energy
level. When an electron is in an outer orbit, the atom is in a
state of higher energy, an excited state, and when the electron
transits to an inner orbit, energy is radiated in the form of
spectral lines that are characteristic of a particular atom.
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Bohr thereby obtained values for the spectral series of visible
hydrogen lines (colors) with an accuracy which was quite
astonishing.

The significant difference between the laser and other light
sources is that the laser light source material provides a par-
ticular form of energy state in which the excited atoms can
and do pause before returning to their ground state. They
tend to remain in this state (called a metastable state) until
stimulated into returning to the ground state. In this last step,
they emit light having exactly the same wavelengths as the
light which triggered them into leaving that state. The atoms
are thus stimulated into emitting—hence, the words “stimu-
lated emission” in the laser acronym. Stated another way,
energy is first stored in the atom and later released by it when
it transfers from the metastable state to the lower one in the
form of single wavelength light energy.

A Water Wave Analogy

This atomic process can be compared somewhat crudely,
as shown in Figure 17, to that of lifting a heavy object, such
as a spherical rock, and placing it on a shelf located above
the surface of a body of water. This shelf is one which an
oncoming water wave can tilt and thereby cause the rock to
fall back into the water. When this happens, wave action is

Figure 17. Rocks placed on shelves which can be tilted by water
waves provide a crude analogue to the laser’s metastable state.
The water waves cause the rock to leave its elevated energy state
and thereby generate more water waves.
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produced. In the process of lifting the rock to the shelf, energy
(potential energy) is stored in the rock. When the rock later
rolls off the shelf, this energy is transformed into kinetic en-
ergy, and much of it is transferred to the water waves which
are generated by the rock striking the water. This energy
travels with the new water waves as they move outward.
Should there be, as shown at the left, a second shelf with a
similar rock on it, in the path of these waves, the new rock-
generated waves can cause this second rock to fall in the
water, thereby generating still more waves.

In this analogy, the rock resting on the ground or lake
bottom corresponds to the laser atom in its low energy state,
the ground state. The placing of the rock in its shelf position
corresponds (but only approximately) to placing the atom
in its excited, metastable state. The water waves which tilt
the shelf and cause the rock to fall correspond to the light
waves which stimulate the atom into falling into its lower
energy state, thereby emitting light waves. The rock similarly
falls back into the water (into its ground state) and generates
water waves. These new water waves then cause the second
rock to fall off its shelf (thereby generating more water
waves) and, hence, correspond to the light waves generated
by the falling atom which similarly stimulates other atoms
into falling and thereby emitting additional light.

The Two-Step Process

One difference between the laser and the water wave cases
is that, in the laser, the emitted light waves are of exactly the
same frequency as those which stimulated the atom to emit.
These new waves are thus exactly suited to react with other
metastable atoms and cause them to emit more of this same
radiation. We also noted that the lifting of the rock to its shelf
is only approximately equivalent to placing the atom in its
metastable state. This is because the usual laser process is
not a one-step process such as that of placing the rock on its
shelf; it is, instead, a two-step one, as the energy diagram of
Figure 18 indicates. Such energy diagrams, representing
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atomic processes, are plotted vertically with the lower energy
states placed low on the vertical scale, parallel with the situa-
tion where objects at lower heights have lower (potential)
energy. The lowest level, the ground state, represents that
energy level to which atoms in the metastable state transfer.
The excitation energy of the flash tube imparts to atoms re-
siding in the lower level sufficient energy to raise them to
the energy state represented by the highest of the three levels
shown. From this level, they fall to the middle level state—
the metastable state. The nature of this metastable level is

HIGH

ENERGY 4
METASTABLE

LEVEL i ebdic
LASER
LIGHT

\ RADIATED

GROUND

LEVEL OR

sTATE %

Figure 18. Three energy levels are available to atoms or ions in a
laser material. Transition from the middle, metastable state to the
ground state results in the emission of laser light,

such that the atoms tend to remain in it. When, however, the
exactly correct wavelength light impinges on an atom in this
state, it will depart from this state and fall to the lower energy
state, emitting, in the process, a burst of energy in the form of
light. The light burst which accompanies its return to the
lower level can cause further emission of this same wave-
ht::tegth radiation from other atoms residing in the metastable
state.

We see, therefore, that laser action depends upon the exist-
ence of this special state in the laser material. The process
of placing, by means of the high energy flash lamp, a large
percentage of atoms in the laser material in the metastable
state is referred to as a population inversion, because, origi-
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nally, most of the atoms ‘reside in lower energy states. After
the flash, an increased number of atoms reside in the meta-
stable state.

Just how extraordinary can a metastable state be? As a
general rule, the time that an atom spends in a normal excited
state (this time is referred to as the lifetime of the excited
state) is on the order of one hundred millionth part of a sec-
ond (10—% seconds). In contrast, there is one metastable
state which has an average lifetime of almost a full second
(100 million times longer than that of the average excited
state). This state is involved in the generation of the green
line of atomic oxygen (at a wavelength of approximately
22 millions of an inch) observed in the luminous night sky
phenomenon called the aurora. (The name aurora borealis,
meaning “northern dawn,” was proposed in 1620 by the
French philosopher, Pierre Gassendi.)

Energy Conservation with Reflectors

Although our earlier analogue of the rocks and tilting
shelves is rather crude, it can, nevertheless, be extended one
step farther to help explain the use of reflectors in lasers.
When water waves travel outward in all directions from a
point, their energy remains distributed over the constantly
increasing circular wave perimeter, and, consequently, the
wave height (wave energy) continually decreases. If this cir-
cular spreading is permitted, the ability of these new water
waves to tip the second shelf diminishes with increased dis-
tance between the two shelves. A similar situation exists for
the case of the freely radiating light waves which issue from
an atom which has been stimulated to emit radiation.

When, on the other hand, the newly generated water
waves are confined, such as, for example, in a bath tub, they
are reflected by the walls, and the wave energy, instead of
spreading out, is conserved. The use of reflecting surfaces in
lasers similarly conserves the desired light wave energy. Such
surfaces cause a reflection of light wave energy to occur, and
this makes more available to other metastable atoms the de-
sired special wavelength energy. This energy can then con-
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tinue to stimulate more atoms into emitting more of this
special radiation.

This use in a laser of reflecting surfaces to conserve the
desired light energy is shown in Figure 16. Some of the light
generated by metastable atoms returning to their lower energy
state will travel down the ruby rod and be reflected by the
reflecting surface, here shown for simplicity as separated from
the rod itself. (In most ruby lasers, the ends of the rod are
coated, and they act as the reflecting surfaces.) Much of this
light will be reflected back into the rod, and thus it can stimu-
late other atoms into emitting more of the desired light en-
ergy. The stimulated-emission process builds up, and the re-
sult is that huge numbers of atoms soon radiate one powerful
pulse of laser light.

Unless the conservation process of reflection is provided,
lasers often are unable to oscillate, that is, to emit light. For
many of the most important applications of the microwave
maser, on the other hand, the oscillating or wave-radiating
condition is not desired. Masers are used primarily for ampli-
fying weak radio signals, and, therefore, only enough stimu-
lated emissions are permitted to provide amplification, not
enough to cause uncontrolled oscillation. For lasers, the great-
est interest at the present time is in their light wave generation
capabilities. Some day, perhaps, the equally possible amplify-
ing capability of the laser also will become important. Many
envision the day when light beams propagating in hollow
tubes will carry much of the world’s communications, as
radio waves propagating in cylindrical, coaxial cables now
carry telephone and television signals. In such an application,
the light beams would be varied in intensity (modulated) at
an extremely high rate, thereby being coded, as a telegraph
signal is now coded (at, however, a very low rate). This cod-
ing could permit the transmission, via light beam, of millions
of simultaneous telephone conversations and many thousands
of simultaneous television signals. After such a coded light
beam would travel some distance in the tube, it would decay
in intensity, and the amplification capability of the laser then
would permit the light beam and its signals to be amplified
back up to their original strength.

PLATE 1. Single wavelength sound waves are portrayed here issuing
from a telephone receiver. They spread out in a spherical pattern,
the cross section of which resembles the water wave pattern of
Figure 1.
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figure is a photographic recording of such a pattern.

PLATE 5. At the plane of the photographic plate of Figure 7, the
wave inteference pattern is a series of bright and dark circles. This

PLATE 2. Single wavelength microwaves issuing from a waveguide. figure portrays a photographic recording of such a pattern.

Microwaves, like light waves, are electromagnetic waves.

PLATE 3. An interference pattern formed by sound waves in the shadow
of a dish.
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PLATE 6. The spherical waves issuing at the left from the same wave-
guide as in Plate 2 are converted into plane waves by a microwave
lens. This photo, made as indicated in Figure 15, is a recording of
the interference pattern formed by a wave set of interest and a
reference wave; it can accordingly be considered to be a microwave
hologram, the white vertical striations being microwave fringes.

PLATE 7. Circularly diverging sound waves issuing from the horn at
the left are converted, by the acoustic lens, into circularly converging
waves at the right. After they pass through the focal point, the waves
again diverge (at the far right).




PLATE 9. An acoustic lens can be mounted in the aperture of a coni-
PLATE 8. An acoustic lens converts into plane waves the circular cal horn.
wave fronts of sound waves issuing from a horn placed at the focal
point of the lens.
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PLATE 10. This photograph shows the wave-beaming effect of the
lens in Plate 9.

PLATE 11. A photograph of the first laser. It was designed by T. H.
Maiman at the Hughes Aircraft Company.
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PLATE 12. A steel razor blade disintegrates when the coherent light {
waves from a ruby laser are focused sharply on it. (Courtesy Bendix
Aerospace Systems Division)

PrLaTE 13. Discoverer of the effect utilized in some lasers, Nobel
Laureate Sir C. V. Raman (standing, center) poses with a group of
Bell- Laboratories scientists, Among them are Nobel Laureates
Walter Brattain (seated beneath Raman) and John Bardeen (second
from left, standing).




PLATE 14, Partially illuminated by the sun off to the right, the earth
appears as a crescent to U.S. moon probe, NASA's Surveyor VII.
Directly above the arrow are two tiny spots of light formed by laser
beams aimed toward the moon and originating at Kitt Peak, Arizona
(right spot) and Table Mountain, California (left spot). (Courtesy
National Aeronautics and Space Administration)

from the thirty wavelength aperture horn-lens of Plate 9 indicates

i PLATE 15. This amplitude pattern of coherent sound waves issuing
|
} that the beam remains collimated (parallel sides).




PLATE 16. Two separated sound sources act like two optical slits. A
diffraction pattern of constructive and destructive interference is
created. The horizontal, zero-order component is evident; also evi-
dent are the upward and downward diffracted first order com-
ponents, and the fainter second order components.

PLATE 17. The focused beam of sound waves from an acoustic lens
is deflected downward by an acoustic prism.
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PLATE 18. This photo shows the wave pattern of the deflected sound
energy portrayed in Plate 17.
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Reflectors and Spatial Coherence

In addition to conserving energy, the reflectors also en-
hance the spatial coherence of the laser light. We recall in
the discussion of coherence that good wave planarity was
equivalent to good spatial coherence. In the case of the sound
waves in Plate 8, this planarity was achieved easily with a
lens because the wave source was very small, comparable to
a wavelength in size. We noted, however, that such small
sources are not possible at light wavelengths and that good
planarity for light waves must be achieved in some other way.
In the laser, the reflectors provide the means. When the
single-frequency waves generated by the laser are made to
bounce back and forth between two accurately made reflecting
surfaces, they acquire, even after a few traverses, a very high
degree of planarity. As shown in Figure 16, one of the re-
flectors (at the right) is made slightly transparent, so that
not all of the energy striking it is reflected. Thus, the light
which does pass through is the usable, radiated, laser light.

Energy Concentration

In Figure 16, the light waves emitted at the right from the
laser are shown as a progression of plane waves having high
spatial coherence; in addition, the nature of the light genera-
tion ensures that these waves have high frequency coherence.
Having, thus, full coherence, these waves can be manipulated
in exactly the same way that coherent sound waves or coher-
ent microwaves can be manipulated. For example, if a lens
is placed immediately to the right of the plane wave area at
the right of Figure 16, it will focus the highly coherent plane
laser waves into an extremely small volume. The situation
would be similar to the lens of Plate 7 focusing the sound
waves in that figure into a small region. A closer comparison
would be to consider this focusing of the laser light by a lens
as equivalent to the lens action of Figure 12 reversed. In that
figure, the waves are originating at the small horn aperture at




T - 7 o e PR Lo P e

34 LASERS AND HOLOGRAPHY

the left. However, one could assume that the plane sound
waves at the right are arriving from the right. In progressing
toward the left through the lens, these plane waves would be
converted into spherical waves and concentrated into a small
volume comparable to the dimensions of the horn aperture
(a wavelength or two across).

Thus, when an optical lens is placed at the right of Figure
16, the laser light similarly can be concentrated into a vol-
ume perhaps only a wavelength or two across, and because
light waves are only a few millionths of an inch in length, the
power flow per unit area in this focal region can become fan-
tastically high.

An idea of the enormity of this energy concentration can
be had by calculating what the power flow would be if all the
energy radiated by a 75-watt light bulb were made to pass
through a square area one wavelength of violet light (16 mil-
lionths of an inch) on a side. This would be equivalent to a
power flow, per square inch, of approximately 300,000 mil-
lion watts, i.e., equivalent to funneling this enormous amount
of power through a one-square-inch area. This amount of
electric power is larger than that which at the present time
could be generated by all the electric power stations in the
entire United States operating simultaneously. Even the very
first lasers could manifest their tremendous energy-concen-
tration capability in numerous spectacular ways. For exam-
ple, laser light, when sharply concentrated, can punch holes
in steel razor blades, as is shown in the 1963 photo of Plate
12; here, the flying sparks add to the spectacle.

Q-Spoiling

We mentioned earlier that lasers generally do not oscillate
(emit light) when the reflectors are absent. Also, the laser
will not oscillate if the two reflectors are not positioned prop-
erly. This situation has made possible the obtaining of ex-
tremely powerful laser pulses. If the right-hand reflector in
Figure 16 is tilted (as shown by the dotted lines) so that it
no longer reflects energy back into the laser rod, the normally
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desired energy conservation process is negated. However, the
flash lamp pulse, during its very brief lifetime, continues to
place more and more atoms into their metastable state. Be-
cause very few are stimulated into falling back to the ground
state, a much larger population inversion is achieved; many
atoms are elevated to their metastable state, and few can leave
it. If, now, at the proper instant, the reflector is rotated into
its proper energy conserving condition, a very sudden, almost
avalanche-like transition of atoms takes place from the meta-
stable state to the ground state, and a very short and extremely
powerful pulse of single-frequency light is generated.

This process of negating the energy reflection or conserva-
tion procedure in lasers is called “Q-spoiling.” The term arose
from an expression used in radio engineering. In early radio
sets, the tuning circuit comprised an inductance and a con-
denser, and the quality or sharpness of tuning of this circuit
was specified by the term, “Q,” the first letter of the word
quality. A sharply tuned (high Q) circuit passes a very nar-
row band of frequency (it could, for example, in Figure 14,
cause the one percent band shown to become appreciably
parrower). This higher quality is usually achieved by reduc-
ing circuit losses. If the losses are too high, that is, if the Q
of the circuit is too low, a radio oscillator employing such a
tuned circuit cannot oscillate. Directly analogous with this
inability of a radio oscillator to oscillate because of the poor
Q in its tuning circuit, the tilting of a laser mirror to inhibit the
laser from oscillating is now referred to as Q-spoiling. When
the mirror becomes properly positioned (so that the Q of the
laser circuit is no longer “spoiled”), oscillation occurs.

Gas Lasers

The second form of laser to be developed was the gas laser.
It consists most simply of a glass tube filled with a special
gas mixture. High voltage is applied across two electrodes
near the ends of the tube, as shown in Figure 19, causing an
electrical discharge to take place. The gas glows and the tube
looks much like the glass tube of an ordinary neon advertis-

ing sign.
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The gas laser differs from a neon sign in that its gas mix-
ture provides the necessary metastable state in which the ex-
cited atoms can temporarily reside. As in the ruby laser, the
energy difference between the metastable state and the lower
state to which they fall corresponds to the energy of the single
color light which is radiated. The first gas laser used a mix-
ture of helium and neon and, like the first ruby laser, gen-
erated red light; its light had, however, an orange red color,
rather than the crimson red of the ruby. Its wavelength was
63.3 millionths of a centimeter (6328 Angstrom units)
whereas the light from the ruby laser has a wavelength of 69.3
millionths of a centimeter (6930 Angstrom units). Other

p— LOW REFLECTION GLASS ENDS
=HELIUM GAS MIXTURE LASER
o LIGHT
7 OUTPUT
OPTICAL .Pnn'ru:.
REFLECTOR REFLECTOR
BURFACE

HIGH

VOLTAGE

SOURCE
Flgure 19. Gas lasers often use a direct-current glow discharge for
exciting the atoms or ions to the required higher energy levels.

gases are now used, argon providing blue-green (4880 Ang-
strom units) and green (5145 Angstrom units) laser light,
nitrogen providing 3371 Angstrom units, and carbon dioxide
providing infrared laser light (10,600 Angstrom units),

One significant difference between gas lasers and ruby
lasers is that the gas laser operates continuously. The glow dis-
charge caused by the applied voltage continually places a
large population of atoms in a metastable state, and although
many atoms constantly are falling back to a lower level, many
continually are elevated again by the glow discharge phe-
nomenon.

Reflectors and Resonators

The ends of the glass tube of a gas laser are usually fitted
with special low-reflecting glass surfaces, and the needed re-
flecting surfaces are placed externally to these, as shown in
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Figure 19. For most gas lasers, the active portion (the gas
tube) is much longer than the ruby rod of a pulsed laser. This
feature, along with the feature of continuous operation, sig-
nificantly improves the coherence of their light. The two re-
flectors in a laser act as the end walls of a resonator, and it
is this greater distance between reflectors which enhances the
frequency coherence. To clarify this point, let us review cer-
tain properties of resonators.

A piano string is a resonant device. It can vibrate either at
its fundamental frequency or at any multiple of that funda-
mental. In like manner, a closed box (or resonator) can vi-
brate or resonate at its lowest frequency or at any one of its
higher frequency or higher-order modes. This is illustrated in
Figure 20. Here the box is small in cross section and resem-
bles the resonator of a wooden organ pipe. At the top of the
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Figure 20. In a long box with closed reﬂecung ends, sound waves
can resonate at various frequencies, as in an organ pipe.

figure is sketched the wave pattern of the lowest or fundamen-
tal mode of oscillation. Reflection occurs at each end and
maximum air motion exists at the center. In the center is
sketched the third order mode; this oscillation has a frequency
three times that of the oscillation at the tops; it is said to be its
third harmonic. At the bottom is sketched the fourth-order
(n=4) mode; it has one-fourth the wavelength and four times
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the frequency of the fundamental. For this wave, the length
of the resonator is seen to be four half-wavelengths (or two
full wavelengths).

Imagine the four side walls of the wooden resonator to be
removed and its two reflecting ends replaced with accurately
made mirrors placed eight inches apart. The separation be-
fween them then would be, for violet light (whose wavelength
is 16 millionths of an inch), one million half-wavelengths.
Accordingly, if violet light is resonating between these two
mirrors, a change to the next resonant mode, up or down,
?vould result not in the three-to-four change of Figure 20, but
in a far smaller percentage change, a change of only one part
in a million.

In Figure 21, a frequency plot is drawn for the three cases
of Figure 20. The two center drawings represent the higher
modes corresponding to n=3 and n=4. In the lowest sketch,

n=1
FREQUENCY

n=3
FREQUENCY

n=4
' a EXTREMELY
FREQUENCY LARGE
FREQUENCY

Figure 21. The top three sketches are frequency analyses of the
three wave resonances of Figure 20. The fourth analysis portrays
the extremely high-frequency light-wave resonances which are
possible with widely spaced laser reflectors.
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an extremely large increase in frequency is indicated by the
break shown at the left in the horizontal frequency scale.
That sketch is intended to represent a condition similar to
that of the two-mirror violet light resonator just discussed; let
us assume that each frequency indicated differs from its ad-
jacent one by one part in a million. If the violet light reflecting
back and forth between these two reflectors could be forced
to resonate in only one mode, its single-frequency qualities
(its frequency coherence) could be described as having a con-
stancy or stability of one part in a million.

The Natural Line Width

A smooth curve also is indicated in Figure 21. We stated
earlier that the natural atomic process by which laser light is
generated is an important factor in providing the single fre-
quency characteristic. However, even this constant-energy
process does not produce exactly single-frequency light. The
observed line width is broadened by two important effects,
one is called Doppler-broadening and the other is called
relaxation-broadening; both are traceable to the random mo-
tion of the emitting atoms. Thus, although the energy process
itself corresponds to an extremely narrow spectral line,
the radiated line we observe has a significant frequency
spread; this width is usually referred to as the natural line
width. The smooth curve or envelope of Figure 21 is intended
to indicate this natural line width.

We recall that the Doppler effect is noticeable as a drop in
frequency or pitch of the whistle of a fast locomotive as it
passes a listener. As the source approaches, the sound pos-
sesses an “up-Doppler,” and as it recedes, a “down-Doppler.”
To the locomotive engineer, however, no frequency change
is observed. For a moving atom, the frequency of its radiated
light may similarly be quite constant and precise, relative to
the atom, but to an observer located along the line of its mo-
tion, the light frequency would be Doppler-shifted.

An interesting use of artificially imparted Doppler shift
to laser light was suggested recently by the U.S. scientist,
Richard Milburn, at Tufts University. In his procedure, laser™
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light is reflected from a beam of rapidly moving (high en-
ergy) electrons issuing from an electron accelerator. Just as a
slowly moving billiard ball has its direction reversed and its
velocity (energy) greatly increased when struck by a second,
oncoming, rapidly moving billiard ball, so the reflected laser
light waves acquire a very large Doppler increase in their
frequency. Higher frequency light means higher energy light,
and in this process, the light is shifted so drastically in fre-
quency that the laser beam is transformed into a beam of high
energy x-rays (actually gamma rays). Furthermore, these
gamma rays have properties virtually impossible to obtain
with ordinary gamma ray sources. First, the laser light can
be polarized (by passing it through the glass from a pair of
polaroid sun glasses), which causes the resulting gamma rays
to be polarized (a very unusual situation). Second, the
monochromaticity of the laser light (high frequency coher-
ence) results in the gamma radiation similarly being quite
monochromatic (also unusual).

Recently some atomic transitions have been observed for
which the natural line width is quite narrow. One procedure
for achieving this was discovered and utilized by the German
scientist, Rudolf Mossbauer, in 1957 (he received the Nobel
Prize for his work in 1961). He employed a radiating sub-
stance in which the atoms were so firmly bound in a crystal
lattice that they could not move, even when they radiated.
The elimination of motion in these atoms caused their radia-
tion to be extremely frequency coherent. Unfortunately, this
procedure cannot be used in lasers; for them, a sizeable natu-
ral line width is always observed.

Fortunately, however, the individual resonator modes of a
laser can be appreciably narrower than the natural line width
of the laser, and hence, this narrower width provides a signifi-
cant improvement in frequency coherence. There often is a
problem in keeping the oscillation in only one of these nu-
merous modes. Many lasers oscillate in several modes simul-
taneously, and for others, mode “jumping” is constantly oc-
curring. These phenomena obviously impair the coherence of
the laser light. To minimize the mode-jumping effects, ex-
tremely high mechanical stability is usually employed. Ther-
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mal contraction of the reflector supports can result in a short-
ening of the distance between refiectors, thereby causing the
oscillator frequency to change from one resonator mode to
another. When, however, extremely good mechanical and
thermal stability is maintained, it is possible for the laser to
operate in one single mode of oscillation and thereby possess
an extreme degree of frequency coherence.

Coherence Length

Because gas lasers provide excellent coherence, they are
the lasers most commonly used in making holograms. But
even here some gas lasers are better than others. For holog-
raphy, the most pertinent way of defining the extent of a
laser’s frequency coherence is by specifying its coherence
length. Let us examine what this term implies.

We noted earlier that interference effects still occur for
single wavelength waves even when one of the wave sets is
slid an integral number of wavelengths ahead or behind the
other set. This, of course, assumes that the separation between
wave crests remains identical and that each wave crest and
trough is exactly like all succeeding crests and troughs. Actu-
ally, we find that after one set has been shifted relative to the
other by many, many wavelengths, a point is eventually
reached where the addition and subtraction effect is no
longer perfect. It is easy to see that this is a real problem at
light wavelengths. When two wave sets of plane, coherent,
violet light waves are shifted only sixteen inches, this shift is
one encompassing one million wavelengths, A wavering in
frequency of only one part in a million would cause these
two crests to be out of step.

The distance over which laser radiation does remain in
accurate step is called the coherence length; some gas lasers
exhibit coherence lengths as large as several meters. For use
in holography, lasers having such long coherence lengths per-
mit the recording of scenes having much greater depths than
could be recorded with shorter coherence length lasers.
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Semiconductor Lasers

The third form of laser to be developed was the semicon-
ductor or injection laser. It is similar to the ruby and gas
laser except that it employs as its active substance a tiny
piece of semiconductor material. A semiconductor is a mate-
rial which is neither a good conductor of electricity nor a
perfect insulator. When used as a laser, direct current is made
to flow through the material by connecting a power source
to two electrodes affixed to opposite surfaces. Atoms within
the material are thereby excited to higher energy states, and
in falling back to a lower state, give off light or other forms of
electromagnetic radiation. Solid state lasers are particularly
useful for generating radiation in the infrared region and in
" the millimeter radio wave region. They have not been used
appreciably up to now in holography.

Laser action has been produced in certain substances (in-
cluding liquids) by utilizing a light-scattering process called,
after its discoverer (the Indian scientist, Sir C. V. Raman),
the Raman Effect. This effect is observed when light waves
falling on a material interact with the internal vibrations
characteristic of the material, thereby causing sum and dif-
ference frequency light waves to be generated.

In some arrangements, a resonator is made of the Raman
material (such as a block of quartz having plane parallel-end
faces) and a powerful ruby laser beam serves as the means
for exciting the lattice vibrations in the material. Thus, just
as the flash tube is the “pump” or energy source, for the ruby
laser, a laser beam here acts as the “pump.” The intense lat-
tice vibrations generated in the quartz modulate the ruby light
beam, thereby generating the upper and lower sidebands (sum
and difference frequencies). Parallel with the term, “stimu-
lated emission,” this process is referred to as “stimulated
Raman scattering” (SRS). Raman received the Nobel Prize
in Physics for this effect in 1930. Plate 13, taken at the au-
thor’s home, includes Sir C. V. Raman and two other Nobel
Laureates,

Chapter 4

Wave Diffraction

In describing the hologram process in the first chapter, the
terms “deviated upwards” and “diffracted upwards” were
rather loosely interchanged. Because the phenomenon of dif-
fraction is very important in holography, we will now look
at it more rigorously and in greater detail.

Webster’s dictionary defines diffraction as “A modification
which light undergoes, as in passing by the edges of opaque
bodies or through narrow slits, in which the rays appear to
be deflected, producing fringes of parallel light and dark or
colored bands; also the analogous phenomenon in the case
of sound, electricity, etc.” From this definition, we see that
there are several aspects of diffraction. We shall discuss
first the diffraction effects caused by one or more slits.

Diffraction by a Slit

Let us consider the case of a distant light or sound source
illuminating a slit in an opaque screen, as shown in Figure
22. What is the radiation pattern which is formed by the slit
in the dark area (the shadow area) behind the screen? In
Figure 23, this illumination pattern, as cast on a second
screen, is sketched. It has a bright central area flanked by a
series of maxima and minima. The pattern is plotted in more
detail in Figure 24. One property of this pattern, the width of
the beam created at great distances by the waves passing
through the slit, is rather interesting. This beam width is in-
versely proportional to the aperture or slit width a and di-
rectly proportional to the wavelength A; when a and A are
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expressed in the same dimensional units, this width, in angular
degrees, is 51 A /a.

Let us see what sort of beam width this figure of 51 A /a
gives in various situations. We calculate first the theoretical
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Figure 22. When a slit in an opaque- structure is illuminated by
a distant source of light, the energy distribution is uniform over
the width of the slit.
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Figure 23. In the shadow region behind the opaque screen of
Figure 22, light emerges from the slit in a beam-shaped pattern.

beam width of the 200-inch optical telescope at Mount
Palomar Observatory in California. In Chapter 1, we noted
that violet light has a wavelength of about sixteen millionths
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of an inch. For this violet light and the 200-inch mirror,
16 1

51 A\/a becomes 51 X 1,000,000 ¥ 300 degrees, or approxi-

mately four millionths of a degree. This calculation says that
if the 200-inch telescope is energized uniformly over its aper-
ture with coherent violet light, the beam formed by it is but
370 feet broad at a point one million miles away.

Let us calculate, as a second example, the spread which a
ruby laser beam might experience in going from the earth to
the moon. Assume that the cross-sectional dimension of the
ruby rod is one-half inch, that is, that its aperture is one-half
inch across. Further assume that its radiation is fully coherent
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Figure 24. The diffraction pattern formed by a slit.

and that it has a wavelength, in the red light region, of thirty
millionths of an inch. The formula 51 A /a then gives a beam
width of 51 X 2 X 30 X 10— degrees, or about three one-
thousandths of a degree. Accordingly, by the time this one-
half inch beam has reached the moon, it would have spread
in width from its original one-half inch to about twelve and
one-half miles.

In a recent NASA experiment, two relatively low power
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lasers, located in the Western U.S., were aimed at the moon
shortly after a Surveyor moon craft had landed on the moon.
The Surveyor craft took a photo of the earth when that part
of the earth in which the lasers were located was in nighttime
darkness, and it relayed this photo back to earth. It is shown
in Plate 14. Two dots of light (arrow) are evident at the posi-
tions where the lasers were located; yet, the nearby brilliantly
lighted cities of Los Angeles and San Francisco are not visible.
This experiment demonstrates one significant advantage of
spatially cobherent waves. For them, an aperture many wave-
lengths across provides a directivity, a power gain, which can
only be duplicated, for incoherent waves, by a huge increase
in their radiated power. It is estimated that, at the moon, the
two or three watts of light power emitted by each of these two
lasers were equivalent, because of the directivity made pos-
sible by the coherence of their laser light, to ten billion watts
of power of incoherent light. It is perhaps a little surprising
that coherent light beams spread out so very little in traveling
great distances. We do not observe such strong directional ef-
fects with water waves and sound waves. The sound waves
from the telephone receiver portrayed in Plate 1 are spread-
ing out uniformly in all directions; for them, there is no beam
effect at all. An acoustic horn or megaphone does exhibit
some directionality for sound waves but not a very appreciable
amount. Inherent in the factor 51 A /a is the fact that only for
apertures which are many wavelengths across is the distant
beam width narrow.

The Near Field

In holography, we are more interested in diffraction effects
produced nearby rather than at great distances. Near the slit
of Figure 22, the light pattern remains the same width as
the width of the slit; that is, the beam remains completely
collimated in this region. The distance from the slit for which
the beam dimension matches the aperture dimension is, again,
a function of aperture size and wavelength. This distance is
equal to the slit width or aperture dimension squared, divided
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by twice the wavelength. Thus the beam from an aperture
thirty wavelengths across will itself remain thirty wavelengths
across out to a distance 450 wavelengths from the aperture.
Plate 15 shows sound waves being radiated from a horn-lens
combination whose aperture is thirty wavelengths across. This
photo portrays only the amplitude of these sound waves; a
similar photo showing the wave pattern is Plate 9. Although
Plate 15 only shows the beam out to a distance of perhaps
thirty or forty wavelengths, it is seen that the edges of the
pattern remain parallel, i.e., the width of the beam remains
the same as the aperture width.

Diffraction by Two Slits

We now consider the diffraction effects which occur when
light passes through two slits in an opaque screen. Numerous
very bright and very dark areas result, and these are called,
in optical terminology, fringes.

The two-slit effect of optics can be simulated with two non-
directional coherent sound sources, as shown in Plate 16.
This figure portrays the fringe pattern formed by two sources
separated by three wavelengths; in this photo, the wavelength
of the sound waves is approximately one and one-half inches.
The combination of two identical wave fields results in wave
addition and wave cancellation. As would be expected, wave
addition occurs at points equidistant from the two sources,
that is, along the center line of the two radiating points; this
is the central, bright, horizontal area. Wave cancellation
(destructive interference) occurs at those points where the
distance from one source differs from that to the other source
by one-half wavelength. At such points, one of the two wave
sets has crests (positive pressures) where the other has troughs
(negative pressures). The two areas where this half-wave-
length destructive interference effect is evident in Plate 16
are the black areas immediately above and below the central
bright area.

Bright areas are again seen above and below these two
black areas. These are areas where the distances from the two
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sources differ by one full wavelength. One of the wave sets
is a full wavelength ahead of the other and wave crests and
wave troughs again coincide, so that positive pressures add
to form higher crests and negative pressures add to form
deeper troughs. Similarly, in those areas, where one of the two
wave sets is two wavelengths ahead of the other, wave addi-
tion again results; these are the shorter bright areas at the
very top and very bottom of the figure.

If the distances differ by an odd number of half-wave-
lengths, destructive interference occurs. We have already noted
the dark areas where the distances differ by one half-wave-
length; a second pair of dark areas are seen at the upper and
lower parts of Plate 16; these are directions for which the two
wave sets differ by three half-wavelengths.

Diffraction by Multiple Slits

If the waves portrayed in Plate 16 were single-wavelength
light waves rather than sound waves, and if the radiators were
long slits perpendicular to the paper, a white screen placed to
the right of these slit radiators would display a comparable
series of bright and dark bands, or fringes. We indicated
earlier, in connection with the photographic grating of Figure
6, that when the two wave sets involved are a wavelength be-
hind or ahead of each other, the waves add, and wave energy
is diffracted in those off-angle directions for which such a
condition holds. We see in Plate 16 exactly this effect. The
only difference is that this photo portrays the diffraction pat-
tern of two open spaces instead of for the entire array of open
striations of the grating. The action of the grating is identical,
however, since all the slits contribute to the wave energy
diffracted in these off-angle directions in the same way as the
two radiators of Plate 16.

All three of the wave sets discussed earlier in connection
with a grating are seen in Plate 16. The undeviated, zero-order
waves manifest themselves as the horizontally directed white
area, the first-order diffracted waves (having a one-wavelength
slippage) are the first upward tilted white area and the first
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downward tilted white area. Also evident in this photo are
two still more widely deflected wave sets (the smaller, more
widely diverging, white areas); these correspond to a slippage
of two wavelengths and are called second-order diffracted sets.

Multiple Slit Gratings and Photographic Gratings

Although the two sound-source pattern of Plate 16 is rep-
resentative of the pattern generated by light waves passing
through two narrow slits in an opaque screen, and although
this analogy can be extended to the case of an opaque screen
having many equally spaced slits, we must not conclude that
the earlier-discussed, photographically recorded interference
pattern or grating performs in exactly this same way. A
photographically made grating differs in several ways from
the simple multiple slit grating we have been discussing. Let
us examine Figure 25. We see that in the slit grating, the slits
are completely transparent and the portions between the slits
are completely opaque. In the photographic recording, the
change from transparent to opaque area is gradual, rather
than sudden. This causes the light amplitude in the slit case to
change abruptly from zero to a constant value; whereas, in
the photographic pattern, the light strength varies gradually
from a maximum to a minimum value. This sinuous varia-
tion in light amplitude causes more light to be diffracted into
the two first-order directions than into the higher-order di-
rections.

The photographic grating also differs from the simple slit
grating in that, during the developing, fixing, and drying
process of the photographic plate, the emulsion shrinks. Film,
after exposure, still contains unexposed portions, and these
cannot be allowed to be acted upon further by light, as the
exposed portions were in the original exposure. The process
of developing and fixing exposed film is designed to remove
those light-sensitive elements still remaining unexposed in
the emulsion, and the process causes the emulsion to shrink.
The amount of this shrinkage, though quite small, is signifi-
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cant for light waves, and it can cause a hologram to exhibit
certain refraction effects.
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Figure 25. The classical slit grating (top) has abrupt changes in
light intensity, whereas the photographic grating (below) does not.

Refraction by Prisms

We recall that refraction is the process by which the direc-
tion of travel of wave energy is altered not by passing around
opaque objects (diffraction), but by passing through trans-
parent objects, such as prisms or lenses. Waves, upon enter-
ing a refracting substance, experience a change in their velocity
of propagation. The simplest case of refraction occurs when
plane light waves enter a refracting substance whose surface
is tilted relative to their direction of travel, This case is shown
in Figure 26; light waves at the left, traveling in air, enter a

WAVE DIFFRACTION 51

tilted block of glass. As they enter, they travel more slowly,
and this lower velocity gives them the shorter wavelength
shown—a result of equation (1) in Chapter 1. If the piece
of glass is formed into a triangular prism, the light waves
will emerge from the glass with their direction altered.
Plate 17 is a photo of a beam of sound waves being de-
flected downward by an acoustic prism. Here, the left side of
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Figure 26. Wave energy entering a low-velocity medium experi-
ences a shortening of its wavelength; the direction of propagation
is altered accordingly.

the prism is parallel to the plane of the oncoming wave fronts;
accordingly, no change in direction occurs as the waves enter
the prism. However, because the right surface of the prism is
tilted, the wave fronts are tilted downward as they emerge.
This wave front tilt is portrayed in Plate 18.

A Prism Grating

Because emulsion shrinkage causes photographically made
gratings to have varying thicknesses, similar prism or wave-
tilting effects can occur for them. Consider a grating compris-
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ing, instead of many slits, many prism sections, as sketched
in Figure 27. Each prism section tilts the wave direction down-
ward as does the single prism of Plate 17. If, in addition, the
light wavelength and the vertical prism spacing are properly
selected, the light diffracted into the first-order downward
wave direction can be greatly enhanced by the prism. If the
spacing and wavelength are chosen so that waves moving in
the direction of the prism tilt are also one wavelength behind
(or ahead) of the waves issuing from their neighboring prism,
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;efracted_by the prisms reinforcing the grating waves diffracted
in a particular direction.

the two effects add. The situation would be similar to that of
replacing each of the two sound sources in Plate 16 with prism
radiators of the type pictured in Plate 17. If, in that arrange-
ment, the downward-refracted prism lobe of Figure 27 would
coincide with the first-order downward-diffracted lobe of Plate
16, a significant enhancement of energy would occur in that
one direction.
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Similar diffraction-refraction enhancement procedures have
been employed in the design of some microwave lens anten-
nas. There, the process is called stepping, or zoning. This
procedure can be used in microwave applications, because
the wavelengths employed often cover only a rather narrow
band of frequencies, and they can, therefore, be treated as
single-wavelength devices. A stepped or zoned circular micro-
wave lens, used in the first microwave relaying by the Bell
System of television programs between New York and Boston,
is shown in Plate 19. Plate 20 shows two cylindrical refraction-
diffraction lenses. In the top lens of Plate 20, there are twenty-
four zones in each (horizontal) half; in the lower one, there
are five in each (vertical) half. It is seen that each of the half-
sections of these lenses somewhat resembles the cylindrical
prism structure of Figure 27; they are different in that, be-
cause a focusing effect was desired, the spacing of the prisms
is not uniform.

A Double-Prism Grating

An extension of the prism-grating concept of Figure 27
permits enhancement of both upward and downward first-
order waves; this concept is sketched in Figure 28. Here
double prisms are used, with the top halves acting as down-
ward-tilting prisms, and the lower halves causing wave
energy to be tilted upward. Again, it is assumed that the verti-
cal spacing and the wavelength are correctly chosen to cause
the prism tilt directions to correspond to the first-order diffrac-
tion directions.

If we assume that, after developing and fixing the photo-
graphically recorded grating shown at the bottom of Figure
25, some emulsion shrinkage has occurred, we see that the top
and bottom horizontal lines of grating will become wavy lines.
Ridges and troughs will have been created, with the troughs
positioned at the areas of maximum shrinkage. We noted that
even a small amount of shrinkage can be significant because
of the short wavelength of light. Of importance, also, is the
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fact that the spacing of these emulsion prisms is exactly right
to bring about the effects described in connection with Figure
28. The contour of the emulsion ridges (the “prisms”) will
not be triangular, they will be wavy (sinuous); further, their
height (their crest to trough thickness) may not be exactly
correct for ideal prism action. However, even a small amount
of prism action can enhance the two first-order diffractions
relative to other order waves. The vertical extent or aperture
of each of the prisms is very small, perhaps only a few wave-
lengths; the beam of each of these tiny prisms is, therefore,
quite broad. (We note that the prism beam of Plate 17 is simi-
larly broad.) Hence, because the proper prism spacing always
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Figure 28. An array of double prisms, acting as a grating, can
cause both first-order diffracted waves to be reinforced. Emulsion
shrinkage in a photographically recorded grating can introduce
thickness effects comparable to this double prism grating.

exists (this is inherent in the photographic process), almost
any amount of emulsion shrinkage will cause some additional
wave energy to be tilted into the desired first-order direction.

Variation in the emulsion thickness caused by shrinkage
similarly affects the action of holograms. For some holograms,
the recorded black and white interference patterns are almost
completely eliminated through the process of bleaching the
photographic film. For these, the film plates become very
transparent; yet, they still exhibit the many surprising prop-
erties of ordinary unbleached holograms.
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Volume Effects

A third difference between the simple slit grating and the
photographic grating arises from the fact that the photo-
graphic emulsion is many light-wavelengths thick. The inter-
ference pattern generated by two sets of light waves is
three-dimensional in extent, When this pattern is recorded
photographically, it does not merely exist at the surface of
the photographic film (as was tacitly assumed in connection
with Figure 5); it establishes itself throughout the three-
dimensional volume of the film emulsion. Because the film
emulsion has an appreciable thickness, this volume pattern, as
recorded in the photographic film, can be significant. Photo-
graphically made gratings, zone plates, and holograms must,
therefore, be considered as recorded volume interference
patterns, We shall discuss these volume effects in the next
chapter.

Dependence of Diffraction on Wavelength

A grating diffracts differently colored light in different di-
rections. This effect is sketched in Figure 29. Waves having
the longer wavelength, A;, are one wavelength behind in the
direction, A, whereas, those of wavelength A\, are one wave-
length behind in a different direction, B. Because this property
of gratings, that of diffracting wave energy of different wave-
lengths in different directions, is shared by holograms, let us
analyze the effects it produces.

The diffraction pattern of Plate 16 was formed with single-
frequency sound waves, and it is, therefore, analogous to the
pattern formed with single-frequency (single color) light
waves. Multicolor light waves behave differently. When the
multicolors of white light are directed toward a slit grating,
colored bands, that is, colored fringes, result. Similarly, if the
two single-frequency sound sources in Plate 16 were caused
to emit single-frequency sound waves having a longer wave-
length than that of the sound waves used in the figure, the
bright areas would appear in positions other than those
shown. Similarly, in the pattern formed by a light wave grat-
ing, a wave of one color could generate on the screen a bright
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area of that color exactly where waves of another color would
produce a dark area. A grating diffraction pattern for white
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Figure 29, The diffraction angle for waves emerging from two slits
or from a grating depends on the wavelength. Because holograms
are a form of grating, their performance also depends upon wave-
length.

light thus consists of many diffraction patterns, each one pro-
duced by each of the various colors. Because these various
patterns are not registered on the screen, variously colored
fringes result.

Diffraction by a Knife Edge

We turn now to the second kind of diffraction included in
Webster’s definition—diffraction caused by the edges of opaque
bodies. When waves pass by such edges, some energy is de-

PLATE 19. The circular pattern of the zones in some microwave
lenses resembles that of a zone plate.




PLATE 20. These two cylindrical microwave lenses have zone struc-
tures which resemble prisms.

PLATE 21. Plane sound waves arriving from the left proceed un-
hindered at the top of the photo. In the shadow region, fainter cir-
cular wave fronts are evident, caused by diffraction at the edge of the
shadowing object.



PLATE 22. The amplitude pattern in the shadow of a disk shows a
bright, central lobe.

PLATE 23. A two-inch-diameter hologram zone plate forming three
images. The zone plate is the dark area with a circular outline, and
the object was a white square. The zero order (straight through)
image is the bright square; the virtual, diverging image is to its lower
left, and the real, converging image is to its upper right.



PLA'_rE 24. One form of microwave antenna combines a horn with a
portion of a parabolic-reflecting surface. PLATE 25. A photograph taken with a camera using the two-inch
zone plate of Plate 23 as its only lens.
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PLATE 26. Three photographs of a hologram being illuminated with
laser light. The hologram recorded a scene comprising three vertical
bars; for these photos the camera was moved successively farther to
the right, finally causing the rear bars to be hidden by the front bars.

PrLATE 27. Emmett Leith, the first to use lasers in holography, illumi-
nates one of his holograms at NASA’s Electronics Research Center.
(Courtesy National Aeronautics and Space Administration)




; . : PLATE 29. A photograph of a hologram, showing the top of a cut-
PLATE 28. George Stroke, a pioneer in making laser holograms, first glass toothpick holder, a carved silver object, and a “thumb-print”

proposed the term “holography.” (Courtesy University of Michigan | glass. The viewer, as he moves his head, will see changes in the light
News Service) ' reflected from these objects’ surfaces.
J




PLATE 31. A photograph of the objects used in making an unusual
hologram. Two small lenses on a small stand act as stereo viewers
for the plaster model of hilly terrain beneath them.

PLATE 30. A hologram of a lens shows the proper change in relative ’
magnification when the observer’s position, or the camera’s position,
is changed from (top) close viewing to (bottom) distant viewing. |




PLATE 32. NASA's Lowell Rosen (right) shows holography inventer
Dennis Gabor (center) a reconstructed hologram while the author
looks on. (Courtesy National Aeronautics and Space Administration)

PLATE 33. When the hologram used in Plate 26 is illuminated with
light from a mercury arc, numerous images appear, corresponding
to the various colors (spectral lines) of the arc light.



PLATE 34. Illuminating the hologram of Plate 29 with a mercury arc
lamp results in objectionable blurring.
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flected (diffracted) into their shadow region. This phenome-
non is illustrated in Plate 21. In this photograph, sound waves
arrive from the left, and a long, wooden, rectangular board
acts as a shadowing object. In the region above the board, the
waves are seen to continue unimpeded toward the right as
plane waves. Because the waves cannot penetrate the board
(it is opaque to the sound waves), the lower right of the photo
is a shadow region. The edge of the board, usually re-
ferred to as a “knife edge,” is seen to act as a new source of
sound energy. The faint waves in the shadow region have
wave fronts which are circular (cylindrical), and the com-
mon axis of these cylinders is located at the knife edge.

Diffraction by a Disk

If the opaque object is, instead of a knife edge, a disk, en-
ergy is diffracted from all points on the perimeter of the disk,
and a much more complicated pattern exists in its shadow.
This wave pattern was portrayed in Plate 3 as an illustration
of a complicated interference pattern generated when non-
uniform sets of waves interfere. We can see, however, from
the knife-edge diffraction of Plate 21 how sound diffracting
around the disk edges can form this pattern. In Plate 3, sound
waves also arrive from the left, and in the upper and lower
parts of the photo, in the nonshadow areas, the waves pro-
ceed unhindered (as in Plate 21) as parallel wavefronts. In
the shadow region itself, two sets of circular wavefronts are
evident, one having the top edge of the disk as its center of
curvature, the other having the lower edge as its center. Not
fully discernable in Plate 3 are the circular wavefronts arriv-
ing from all points on the perimeter of the disk; these points
all act as new sources of wave energy, and these many wave
sets all interfere with one another. This complicated mixture
establishes a narrow wave pattern along the axis, a pattern
which looks much like the pattern of the unimpeded waves
at the top and bottom of the photo. Thus, the combination
of the many new wave sources positioned along the circular
perimeter of the disk produces a concentration of wave en-
ergy along the axis.

Lord Rayleigh observed this effect for both light waves and
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sound waves. Using a penny as his opaque disk and sunlight
as his source of light waves, he demonstrated the presence
of a bright spot in the center of the circular shadow of the
penny. From our everyday observations of the shadows cast
by opaque objects placed in the path of sunlight, we would
find it difficult to believe that the wave intensity or brightness
at a point in the deep shadow of a disk is, as Lord Rayleigh
stated in his Theory of Sound, “the same as if no obstacle
at all were interposed.”

Rayleigh further described methods for demonstrating, with
acoustic waves, the existence of this bright region. He states
that the “region of no sensible shadow, though not confined
to a mathematical point on the axis, is of small dimensions”
and, further, that “immediately surrounding the central spot,
there is a ring of almost complete silence, and beyond that
again a moderate revival of effect.” Plate 22 omits the wave
fronts of Plate 3 and portrays only the amplitude pattern of
sound intensity behind the disk (for this figure, the same disk
and same wavelength sound waves as those of Plate 3 were
used). In this figure, we see clearly all three of Rayleigh’s
areas, the bright central spot or cone, the “ring of silence”
above and below the bright central cone, and the “revival
of effect” above and below the ring of silence. These same
areas can also be seen in the wave pattern photo of Plate 3.

Disks and Zone Plates

Rayleigh noted that the wave concentration in the shadow
of a disk can be further enhanced by positioning additional
annular rings around the disk, thereby blocking out other
areas or zones of wave energy. This process of adding addi-
tional blocking rings leads to a zone plate, a device used for
focusing several forms of wave energy. We shall see in the
next chapter that the optical zone plate is closely related to a
hologram because the photographic record of the interference
pattern of spherical waves and a set of plane reference waves
are forms of zone plates. A knowledge of the more pertinent
properties of zone plates can provide us with a better under-
standing of the hologram process.

Chapter 5

Zone Plates

In the description of holograms in the first chapter, it was
noted that, by virtue of spherical light waves interfering with
plane reference waves, each luminous point of a scene forms,
in the recording process, its own circular interference pat-
tern, its own zone plate, on the photographic plate. As noted
earlier, the similarity between the photographic recording of
interference patterns (holograms) and the optical diffraction
device, the zone plate, was first recognized in 1950 by the
British scientist, G. L. Rogers. Let us examine this relation-
ship.

The Classical Zone Plate

The zone plate can be described as a set of flat, concentric,
annular rings which diffract wave energy. The open spaces
permit passage of waves which add constructively at a desired
focal point, and the opaque rings prevent passage of waves
which would interfere destructively with these waves at that
point.

Figure 30 indicates the procedure for determining the posi-
tions of the rings in a zone plate having a circular opaque
disk for its central portion. We recall from the previous chap-
ter that an opaque disk can effect a concentration of energy
along its axis by virtue of wave energy being diffracted by it
into the shadow region. At some point along this axis, a fur-
ther concentration of energy can be provided by the use of
opaque rings which allow only that wave energy to pass by as
will interfere constructively at that particular point on the
axis,
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The proper positions of the blocking rings are determined,
as shown in Figure 30, by drawing circles whose centers coin-
cide with the desired focal point and whose successive radii

LUTION

Figure 30. When the diffraction of a disk is supplemented by the
added diffraction of annular rings, a zone plate results.

from this point differ from one another by one-half of the
design wavelength. Thus, at that point where the first one-half
wavelength circle intersects the plane of the zone plate, the
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central blocking zone—the opaque disk—is terminated. Farther
out, at the one-wavelength point, the first annular blocking
ring is started. It is terminated at the one and one-half wave-
length point, and the process continues. It should be noted
that the design of a zone plate is based on one particular
wavelength, and that waves having wavelengths which differ
from this design wavelength will not be affected by it in the
desired way.

Zone plates can be used at light wavelengths; they can be
used for concentrating microwaves; they can be used in acous-
tics. Lord Rayleigh noted that a zone plate designed for sound
waves can play “the part of condensing lens.” An antenna of
a World War II microwave radar incorporated a zone plate,
and some microwave lens antennas now in use employ the
zone concept. In these uses, the microwave lens thickness
is altered at the one-wavelength zone positions; examples
were noted in the previous chapter. For focusing wave en-
ergy, zoned lenses are more efficient than zone plates because
they avoid discarding the energy which is reflected or ab-
sorbed in a zone plate by the blocking zones.

Zone Plates as Negative Lenses

Lord Rayleigh compared his acoustic zone plate to a con-
densing lens, and the usual microwave and optical applications
of zone plates similarly exploit only their focusing ability. The
fact that zone plates also cause diverging waves to be formed
is not too generally appreciated. In a hologram this negative
lens property of a zone plate is very important; it is the
hologram’s diverging waves which give the viewer the strik-
ing, three-dimensional view of the original scene.

That zone plates do cause both converging and diverging
waves to be generated is evident from design considerations.
It is just as possible to design a zone plate which will cause
waves to diverge as it is to design one which produces a con-
verging effect. If one selects the point from which the waves
are to diverge so that it is on the opposite side and at a dis-
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tance from the zone plate equal to that of the focused point,
one finds that these two designs are identical—the blocking
zones are in exactly the same location for the diverging as for
the converging zone plate.

It follows that when plane waves fall on any zone plate,
both converging and diverging waves are generated. For
optical zone plates, this simultaneous diverging and converg-
ing property results in multiple image effects; when a zone
plate is placed in front of an object, several images are seen.
This effect is shown in Plate 23. The zone plate used here
was a photographic recording of the interference pattern
formed by light waves from a point source interfering with
plane waves. It is the darker circular area in the photo. The
zone plate is imaging, off-axis, an object which looks like a
square, white, picture frame. Of the three “images” seen, the
object itself is the brightest and clearest because the zone plate
is fairly transparent; this “image” is what we have called the
zero-order component. On either side of it is another, slightly
blurred image of the white frame. The one deflected toward
the center of the dark circular area is produced by the con-
verging waves, and the other is formed by the diverging
waves. It is worthy of note that here only the zero-order and
the two first-order images are prominent. This would not be
the case if a classical zone plate were involved. The gradual
change from transparency to opacity in the fringes of the
photographic (hologram) zone plate causes the higher-order
images to be suppressed.

Complete separation of images has not occurred in Plate
23 because the object is too near the axis of the zone plate.
Had it been placed further off-axis, all three images would
have been fully separated and would appear as separate,
individual images.

Zone Plates with Areas Interchanged

One property of zone plates pertinent to holography is that
their functioning is unaffected if the blocking zones and open-
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area zones are interchanged. This is evident from Figure 30.
If the central and other blocking zones in that figure were
to be made open-area zones, the wave sets passing through
them would still differ from one another at the focal point
by exactly an integral number of wavelengths. Additionally,
since the originally open areas (now blocking areas) differ
by a half wavelength from the new open areas, the desired
zone plate action will be unaffected.

This ability of a zone plate to function properly with trans-
parent and opaque zones interchanged can be even further
extended; the center area, whether blocking or open, can be
made any size at all. Then, it is necessary only to make the
next zone area of such a size that the distance from the de-
sired focal point to its outer edge is one-half wavelength
greater than the length to its inner edge; the next area is one-
half wavelength greater than that, etc. Again, full zone plate
action results, since additive waves are passed and canceling
waves are blocked.

It is this property of interchangeability of zone plates which
permits them to be so easily recorded photographically. This
can be seen from a consideration of the three-pinhole holo-
gram of Figure 10, for which each pinhole is at a different
distance from the plane of the photographic plate. For one of
the three-pinhole interference patterns, the central area might
be strongly exposed, causing a central blocking zone to be
formed. For the other two pinholes, the central zone might
turn out to be a full open area, or a small open area, or a
blocking area. Since zone plate action requires only that suc-
cessive areas be positioned with half wavelength differences
in their distance to the focal point, and since the circular
wave patterns inherently have this property, all three photo-
graphic-recorded pinhole patterns of Figure 10 antomatically
become effective zone plates.

Offset Zone Plates

To clarify the action of an offset zone plate, let us review
certain characteristics of two focusing devices, the parabola




64 LASERS AND HOLOGRAPHY

and the zone plate. Parabolic reflectors are often used as
microwave antennas. The ability of such a reflector to form
a beam of plane waves is traceable to the geometrical prop-
erty of a parabola described in Figure 31. Very often, only
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Figure 31. Spherical waves issuing from the focal point F are con-
verted to plane waves by a paraboloidal surface because the

times of travel to the plane LL are alike for all rays.

portions of such reflectors are used. The antenna shown in
Figure 32 is such a device; only part of the parabolic (para-
boloidal) surface is used to reflect incoming energy into the
horn. It is an offset reflector, and one form of this antenna,
now used widely in microwave relays, is shown in Plate 24.
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Similarly, an offset section of a zone plate can focus wave
energy. This procedure is sketched in Figure 33. Plane waves
arriving from the left impinge on a portion of a zone plate,

which causes energy to converge on the focal point, f. In
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Figure 32. Part of a parabolic reflector can be used to produce
flat wave fronts,

addition, this portion will, through its negative lens action,
generate diverging waves appearing to emanate from the con-
jugate focal point, fc.
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Figure 33. Portions of a parabola (right) or a zone plate (left) can
focus (and diverge) wave energy.
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Offset Holograms

In making the first laser holograms, Leith used a prism to
tilt the reference wave and cause it to interfere with the waves
issuing from a photographic transparency. Holograms made
with this prism technique of Leith have been referred to as
two-beam or offset holograms.

The offset terminology is used to distinguish such holo-
grams from Gabor’s original ones in which a single light beam
was used; there, the light passing around the object acted as
the reference wave. Actually, the single-beam technique also
can be used to form an offset hologram, as was shown in
Figure 9. There the single beam of laser light falls on the pin-
hole screen and also passes above it. As noted, when the plate
is developed and illuminated with laser light, both real and
virtual images of the original scene (the point source of
light) are formed.

Zone Plates as Lenses

Photographically made zone plates have been suggested for
use, as lightweight lenses, in the fields of communication,
astronomy, and space. They could be photographically re-
corded on lightweight plastic sheets occupying very small
space and later “unfurled” to their full aperture size for con-
centrating laser communication beams or for taking photo-
graphs, That photographically made zone plates can act as
optical lenses is shown in Plate 25. This photo was made with
a “camera” having the hologram zone plate, used in mak-
ing Plate 23, as its only lens.

Volume Zone Plates

Zone plates used for microwaves and sound waves, and
the ruled glass zone plates used for light wavelengths, are
generally considered as being two-dimensional (planar) struc-
tures. Because of the extremely short wavelengths of light



68 LASERS AND HOLOGRAPHY

waves, photographically made zone plates exhibit three-
dimensional or volume effects, and this effect must be taken
into account. The emulsion in a photographic plate may be
twenty light wavelengths thick, so that three-dimensional in-
terference patterns become recorded in the emulsion.

The use of such three-dimensional interference patterns was
first employed in holography by George Stroke and his co-
workers to obtain white light or reflection holograms. Photo-
graphically made zone plates are actually a form of such
volume holograms, and their three-dimensional characteristics
cause their performance to differ from that of simple two-
dimensional zone plates, just as the volume effects in reflec-
tion holograms cause their performance to differ from that of
conventional holograms. These photographically recorded
volume effects for zone plates also provide the basis for reflec-
tion holograms and three-color holograms.

Standing Wave Patterns

As noted in the previous chapter, interference effects exist
not only at the surface of the photographic plate, but through-
out the volume of the emulsion so that if the photographic
emulsion is many wavelengths thick, it will be exposed in
depth and will record a volume interference pattern. The pos-
sibility of recording three-dimensional (volume) light wave
patterns within the emulsion of a photographic film was rec-
ognized in the early 1900s by the French scientist, Gabriel
Lippmann. He proposed using such recorded patterns for a
form of color photography. His patterns were standing wave
patterns, and because these are also of importance in certain
holograms and zone plates, let us review the characteristics
of standing waves.

In the resonator diagram of Figure 20, various resonances
were indicated, having wavelike outlines or envelopes. The
outlines are formed by virtue of the waves bouncing back and
forth between the two end walls, but because the pattern these
moving waves create is stationary, the waves are called stand-
ing waves. This standing wave pattern can also be looked
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upon as being made up of two waves, one moving to the left,
the other moving to the right. Standing waves thus can be
considered as being formed either by a reflection of wave mo-
tion at a wall or by two single-frequency waves moving in
opposite directions. It is this latter, oppositely moving wave
case that is of interest to us in holography and zone plates.
In Figure 34, plane wave laser light is shown arriving from
the top of the figure, and it is split into two horizontal beams

LASER LIGHT
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Figure 34. Coherent waves traveling in opposite directions form
standing waves which can be recorded in a photographic emulsion
as densely and lightly exposed planes.

by mirrors A and B. By means of the other four mirrors, the
two beams are caused to be superimposed and to interfere
with each other while traveling in opposite directions. They
thereby generate a standing wave pattern. In the figure, this
is shown as being formed within the emulsion of a photo-
graphic plate. It is evident that there will be regions (planes)
where destructive interference (low light intensity) exist; in
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these areas, the emulsion will be very lightly exposed. At the
in-between, strong light intensity planes, the emulsion will
become more heavily exposed. When the emulsion is devel-
oped and fixed, it will exhibit heavily exposed vertical planes
spaced apart at one-half wavelengths of the original laser

light.

Lattice Reflectors

The half wavelength lattice structure just described is
known to be highly reflective for waves whose half wave-
lengths correspond to the lattice separation. This reflection
phenomenon can be explained with the aid of Figure 35. Here
waves arriving from the right are reflected successively by the
numerous, rather densely exposed (but not opaque) planes
1, 2, 3, and 4 located within the photographic emulsion. Some
waves, A, are reflected at the first surface, 1. Other waves
of energy which pass through the various surfaces are indi-
cated as waves B, C, and D. Waves B, when reflected at plane
2, rejoin waves A at a distance, 24, behind them. Similarly,
waves C are a distance, 4a, behind them, and waves D, a dis-
tance, 6a. If a is equal to one-half wavelength of the incident
light, all three of these additional distances are exact multiples
of one wavelength, and all reflected wave sets, A, B, C, and D,
will be in perfect step; the crests of all will coincide as will
the troughs. Thus, for light of wavelength 24, reflections from
all planes will add constructively, and the reflectivity of this
structure to such wavelength light will be very high.

Because other wavelength light will not add in this way,
the reflectivity for them will be significantly lower. Accord-
ingly, when this multiple structure is illuminated with white
light, which comprises all the colors (wavelengths) of visible
light, it will reflect only a single wavelength (single color)
light. If, in the developing and fixing of the photographic
plate, no shrinkage has been permitted (which is not easy to
accomplish), the color of this reflected light will be the same
as that of the laser light which was responsible for forming it.

This procedure is the basis of the Lippmann color process;
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as noted, it was recenily used to permit holograms to be
viewed with white light instead of laser light (these are called
reflection holograms). The process was later extended to
making color reflection holograms, exposing the hologram
plate, successively, with two or three differently colored laser
wave sets.
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Figure 35. Reflecting planes, recorded in the photographic emul-
sion of Figure 34, cause waves having a wavelength equal to twice
the plane spacing, a, to be reflected as constructively interfering
waves,
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Reflection Zone Plates

Zone plates can also be made using this three-color reflec-
tion procedure. Plane and spherical waves are made to ap-
proach the photographic plate from opposite sides, as shown
in Figure 36. Their interference generates a zoned longitudinal
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Figure 36. By causing coherent plane and spherical waves to im-
pinge on a photographic plate from opposite sides, a reflection
zone plate is produced. The process is similar to that used in form-
ing reflection (white light) holograms.

lattice structure within the emulsion, When the emulsion is
developed, fixed, and illuminated with white light, reflection
and focusing of only one color occurs; the remaining colors
pass through. If this reflection zone plate is used as a lens or
focusing device, a monochromatic image is formed.

To make a rhree-color zone plate (a zone plate camera
lens), the photographic plate would be exposed, as shown in
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Figure 36, not once, but three times, using three differently
colored laser sources, successively. The developed emulsion
would then contain three longitudinal lattices, which, when
exposed to white light, would reflect and focus only those
colors of the white light having wavelengths corresponding to
the three different lattice spacings. If this reflection lens were
to be used as the lens in a camera employing standard color
film, it would properly image three differently colored views of
the scene on the film, and satisfactory color reproduction of
objects or scenes would result.

In the last chapter, we noted several differences between
ordinary gratings and photographically formed gratings; these
differences also exist between ordinary and photographic zone
plates. In the classical zone plate, the zones are either com-
pletely opaque or completely transparent, whereas a photo-
graphically made (hologram) zone plate has zones whose
densities vary gradually from their most opaque values to
their most transparent values. This property of holograms
and photographic zone plates causes their first-order diffracted
waves to be accentuated, as was noted by Rogers. The ex-
istence of shrinkage in the emulsion results in a varying thick-
ness photographic zone plate; this also accents the first-order
diffraction, Also, hologram zone plates differ from classical
zone plates because the thickness of the emulsion is equal to
many light wavelengths, so that the classical two-dimensional
(planar) zone plate structure is replaced by a three-dimen-
sional one. These same properties of photographic zone plates
are also exhibited by holograms.




Chapter 6

Properties of Holograms

In this chapter, the unusual features of holograms will be re-
viewed. Several of these were considered so surprising when
first described in the literature that numerous expressions of
disbelief were voiced.

Three-Dimensional Realism

The most spectacular characteristic of holograms and the
one most surely responsible for the tremendous interest they
have evoked is their ability to create an extremely realistic
illusion of three dimensions. This property is difficult to dem-
onstrate, lacking an actual hologram with its needed illumina-
tion. However, some idea of the effect can be gotien by look-
ing at several different photographs of the same, properly
illuminated, hologram. Three such photos are shown in Plate
26. The scene recorded in this hologram comprised three
vertical bars, placed one behind the other, each having letters
placed vertically along the bars. It was made, as described,
for the hypothetical sphere and pyramid hologram of Figure
3. The three bars become clearly visible when the hologram
is illuminated with laser light. From certain angles, the ob-
server can see all three bars; however, from one particular
direction, his view of the rear bars is blocked by the front one,
The camera was placed in this latter position for the photo-
graph shown at the right of Plate 26. For the center photo,
the camera was moved slightly to the left, partially exposing
the two rear bars. For the left-hand photo, it was moved still
further to the left, fully exposing all three bars.

In viewing an actual hologram, the three-dimensional illu-
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sion is far more realistic than these three photos can convey.
The viewer quickly realizes that much more information about
the scene is furnished by a hologram than by other three-
dimensional photo processes, such as by stereophotography,
using a pair of stereophotos. In the hologram reconstruction,
the viewer can inspect the three-dimensional scene not just
from one direction, as in stereophotography, but from many
directions. Because this property of complete realism has
undoubtedly given the development of holography great im-
petus, the chronology of three dimensions in holograms may
be worthy of brief discussion.

As early as 1949, Gabor wrote, “the photography contains
the total information required for constructing the object,
which can be two-dimensional or three-dimensional.” How-
ever, he used, for his objects, two-dimensional transparencies,
and said little as to how the recording and reconstruction of
three-dimensional objects would be accomplished. Accord-
ingly, in December 1963, when Leith, who was an esteemed
contributor in the radar field, first used lasers in holography,
he likewise employed two-dimensional transparencies for his
objects.

Leith thus pioneered in producing the first laser holograms
and the first offset holograms, but his first objects and images
were still two-dimensional. Also, he discussed his early holo-
gram experiments in terms of the optical processing technol-
ogy of coherent radar; we shall note later the close rela-
tionship between holography and this form of radar. Later,
Leith and his group extended their concepts to three-
dimensional reflection holograms. Plate 27, taken at the
NASA Electronics Research Center when the author was its
Director, is a photo of him and one of his very spectacular
holograms being reconstructed by the laser beam at the left.

George Stroke (Plate 28), a recognized authority on the
ruling of precision optical gratings, started quite early to look
upon holograms (as has this book) as diffraction devices. In
a May 1964 set of lecture notes at the University of Michi-
gan, he described how light waves, reflected onto a photo-
graphic plate by two adjacent, slightly tilted plane mirrors,
generate a photographic grating, and how, when a three-
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dimensional object is substituted for one of the two mirrors, a
three-dimensional hologram results. It was not easy for some
to accept this generalization to three dimensions, which Leith
and Stroke described. Thus, in the discussion period follow-
ing a lecture by Stroke on holography in Rome in Septem-
ber 1964, an eminent Italian scientist remonstrated, “The
light beam cannot carry information about a three-dimen-
sional object because this is described by three degrees of
freedom, whereas a light beam has only two degrees of
freedom.” Although the logic of this objection appears, at
first sight, quite reasonable, we can assure ourselves, for ex-
ample, by a consideration of Figure 10, that three-dimensional

Figure 37. A hologram of a point light source which is partially
hidden from the hologram by an opaque screen presents a paradox
—on reconstruction, can the ethereal, non-existent screen still hide
the imaginary light source?
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information can be recorded on a two-dimensional surface
by means of the hologram (zone plate) process.

The three-dimensional realism of certain holograms is often
difficult for some to understand. Thus, Figure 37 shows a
hologram recording a sceme which includes a small, very
bright reflecting point having an opaque screen in front of it.
In the actual scene, a viewer positioning himself to be below
the shadow demarcation line, A-A, would have his view of
this point source quite understandably blocked by the opaque
screen. In the reconstruction, however, says the skeptic, the
screen is actually not there; it is a ghostlike, evanescent fig-
ment of the imagination, so how can it possibly block the
reconstructed light issuing from the point?

Here again, the zone plate analogy provides the answer. In
the recording process, only a portion of the reflection point’s
zone plate is recorded on the photographic plate (it is shown
as a shaded area). The remainder (below line A—A), having

. been blocked by the screen, is missing. Accordingly, as far as

the luminous point itself is concerned, its hologram “win-
dow” ends at the line, A-A, and its (partial) zone plate
can only diffract laser light in directions encompassed by the
pyramid, OABCD. The point light source can be blocked by
an apparition!

Holograms and Photographs

There are two ways in which the hologram photograph
differs from an ordinary photograph. When a photo is taken
of a scene, a negative is first made, then the dark and light
areas of this negative are reversed to form a positive print
which portrays the scene in its original form. In holography,
either the positive or the negative version of the hologram
generates the identical three-dimensional illusion. This prop-
erty follows from the similarity between holograms and zone
plates; we noted that zone plates and gratings perform equally
well if their dark (blocking) and their bright (transparent)
areas are interchanged. This process is equivalent to changing
a positive print to a negative one or vice versa; it constitutes
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a major change in photography but no change at all in holog-
raphy.

The second way- in which holograms differ from photo-
graphs is in the appearance of the photographic plate. When
a hologram is held up to the light, scarcely any pattern is
seen, certainly none which is indicative of the scene recorded,
as in a photographic negative. The hologram appears to be a
uniform gray sheet, and it reveals none of the characteristics
or features of the scene recorded until it is properly illu-
minated.

Parallax and Lens Action

In viewing a hologram, the observer is usually encouraged
to move his head sideways or up and down so that he may
grasp its full realism by observing an effect called parallax.
In a real scene, more distant objects appear to move with the
viewer, whereas closer objects do not. Such parallax effects
are very noticeable to a person riding in a train; the nearby
telephone poles move past rapidly, but the distant mountains
appear to move with the traveler. Similarly, the parallax prop-
erty of holograms constitutes one of their most convincing
proofs of realism.

Because hologram viewers invariably do move their heads
to experience this parallax effect, ingenious hologram de-
signers often include cut glass objects in the scene to be photo-
graphed. In the real situation, glints of light are reflected from
the cut glass, and these glints appear and disappear as the
viewer moves his head. This effect also occurs for the holo-
gram, and further heightens the realism. Plate 29 is a photo-
graph of a hologram, comprising, in the left foreground, the
top of a small cut glass toothpick holder; in the left back-
ground, an extensively carved silver object; and on the right,
an early American “thumbprint” glass. All three of these
objects show marked changes in the light refiected from vari-
ous areas as the viewer moves his head, and the hologram
similarly manifests these light variations.

The silver chalice used in this hologram was acquired by
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the author in 1936 in Bangalore, India, during postdoctoral
study with Sir C. V. Raman. Also visiting Raman in 1936 was
Max Born, recipient of the Nobel Prize in Physics in 1954
and author of the ageless classic, “Optik.” (An English edi-
tion of that book is now available: Born and Wolf, “Principles
of Optics.”)

Another proof of the realism of holograms is provided
when a lens is included in the recorded scene. Then, instead
of a sideways motion of the viewer, a motion toward and
away from the hologram gives him the expected enlarging
and contracting of objects behind the lens. This phenomenon
is shown in Plate 30, which portrays two different photographs
of the same hologram. The scene recorded contains a reading
glass placed in front of some lettering. The top photo was
taken with the camera close to the hologram; for this position,
the magnifying glass includes the letters, E and S, and a por-
tion of the upper letter, R. In the lower photo, the camera
was moved some distance back, and the change in magnifica-
tion is evident. The effect is heightened with increased dis-
tance.

A Stereo Hologram

A particularly interesting hologram involving lenses was
made at the Bendix Research Laboratories and exhibited in
March 1966. A sideways view of the scene involved is shown
in Plate 31. The objects consisted of a pair of stereo viewing
lenses positioned to permit a viewer, placing his eyes in close
proximity to the stereo lenses, to observe a three-dimensional
(stereo) view of a model of some mountainous terrain. The
hologram was made with the hologram plate in very close
proximity to the lenses. To view the reconstructed scene, the
observer positions his eyes as though the two viewing lenses
are actually in place. When he looks directly into the imagi-
nary lenses, he imagines he sees a magnified view of the terrain
in three-dimensional stereo, just as he would through the
original stereo viewing lenses.
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Focused-Image Holography

Another interesting use of lenses in holograms was made
in 1966 by NASA scientist Lowell Rosen in the process now
called “focused-image” holography. The procedure is shown
in Figure 38. A lens forms a real image of a group of objects
located behind the lens, and a hologram is then made of this
(upside down) real image. The photographic plate can even
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Figure 38. The images at the top left are focused by the lens and
their real images recorded as a hologram. Even with the opaque
screen (at the far right) present (so that one image is not formed),
the hologram records both images. On reconstruction (with the
opaque screen removed) both are presented to a viewer, the origi-
nally non-existent one standing out in space in front of the
hologram.

straddle objects separated longitudinally in the real lens im-
age; that is, the image of one object can be positioned behind
the photographic plate and the image of a closer object po-
sitioned in front of the hologram plate. When this hologram is
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developed and properly illuminated, the viewer sees one object
behind the hologram plane and another standing out in space
in front of the hologram.

When the focused-image hologram process was first de-
scribed, it was assumed by some that the presence of a lens
would automatically cause a collapsing of the image onto the
photographic plate. A joint publication on this subject by
Stroke, Rosen, and the author noted that it had generally,
“been accepted without question in the past that the ‘third
dimension’ in a conventionally-focused photographic system
would be irretrievably lost in the recording on simple, two-
dimensional photographic plates or film.” It continued: “In
the normal photographic process, the camera lens forms real
images of the objects of a three-dimensional scene, and these
images exist in three-dimensional space; however, the ordi-
nary photographic film causes these images to be collapsed
into a single plane.”

We noted that if the plate in Figure 38 simply had been ex-
posed to the light from the objects (without the simultaneous
use of the reference beam, B), the result would have been
an ordinary photograph, and the images would have been
collapsed in the resulting picture. The hologram process,
however, retains the longitudinal, three-dimensional image
separation.

It is of interest to consider what would happen if, as shown
in Figure 38, an opaque sheet were to be positioned, so that
it, too, straddles the two real images. This sheet, being opaque,
would prevent the pyramid image from forming, and a viewer
who could see both images if plate and sheet were removed,
would see neither. A hologram, however, always records the
wave pattern existing at its plane, and this original wave pat-
tern possesses the intrinsic ability to form the pyramid image
(as it would if the opaque sheet were removed). Accordingly,
the presence of the opaque sheet has no effect on the hologram
recording, nor on its later ability to establish real images of
both objects in the reconstruction process. The hologram
has recorded an image, which, with the opaque screen in
place, does not exist, and it can later establish this “nonexist-




82 LASERS AND HOLOGRAPHY

ent” image in its reconstruction process (with the screen then
removed, of course).

Interesting effects are obtained in focused-image holograms
when an actual object is placed adjacent to the upside-down
real images. For it to be recorded, it must, of course, be be-
hind the hologram plate, a restriction which, we just saw,
does not apply to the real images. The parallax effects are
not the same for this true object and the imaged objects, and
a most intriguing and confusing scene results when the holo-
gram of such a combination is viewed. At about the time that
Lowell Rosen was first experimenting with focused-image
effects, Dennis Gabor visited the NASA center in Cambridge;
a photo taken there of Rosen, Gabor, and the author is shown
in Plate 32.

Reconstruction with a Small Portion of a Hologram

We observed in connection with Figure 33 that focusing
devices such as paraboloidal surfaces or zonme plates can
achieve a focusing effect even if only a portion of their focus-
ing surface is utilized. Because a hologram is a form of zone
plate, it, too, can achieve certain of its effects if only a small
portion of the original hologram is used in the reconstruction
process. Figure 39 portrays this property for a hologram zone
plate; both the full area, ABCD, and its smaller portion,
A’ B’ C’ IV, generate real and virtual images.

Let us consider what effect this size reduction has on the
zone plate of Figure 39. Because less light falls on the
smaller area, A’ B’ C’ IV, less light is diffracted toward the
focal point, f, and the focused, real image is, therefore, not
as bright. In a similar way, the real image of a full hologram
is made less intense, less bright, by a reduction in the holo-
gram size. The original scene is still imaged however, and it
can be portrayed on a white card located at the focal plane.

The size reduction also lowers the light intensity in the case
of the virtual image of a hologram, but in addition, the real-
ism of the image is reduced. Thus, in Figure 39, an observer
viewing the virtual image of the point source of light will be
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required, for the smaller area, A’ B’ C’ IV, to position him-
self more carefully in order to see the source through this
new, smaller window, and this smaller window reduces ap-
preciably the realism he would obtain in a full hologram
through the parallax effect. Even though, with the smaller
window, the viewer can still move his head about and see all
of the objects in the scene, the window area he is using does
not move with him, and he merely sees small, individual, al-

Figure 39. A portion A’ B’ C’ I’ of an offset zone plate ABCD
diffracts converging energy toward f and diverging energy which
appea:stooriginnteatfc.Aporﬁonofa!zolograqlissimﬂaﬂy
able to generate its real and virtual images, with certain limitations.

most two-dimensional views. As in the case of a true glass
window, the viewer’s ability to see around objects in the fo;e-
ground is limited when the window size is reduced to a signifi-
cantly smaller area. )

In this connection, when the complete hologram is avail-
able but is illuminated only by a small area “spot beam” of
laser light, interesting things happen. As this small-area beam
of light is moved about over the hologram area, the viewer of
the virtual image can, by moving his head about,.see all
views, from all angles, of the recorded scene. A white card
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placed at the focal area will similarly display the real image
on it of a series of changing, two-dimensional views of the
scene. This latter ability to change, for an observer, the di-
rection from which he views the original scene could have
interesting applications. An aircraft pilot, attempting to land
his plane in fog could have presented to him a prerecorded
hologram picture of the airport runway from the very angle
—up, down, or sideways—that he would be observing if the
weather were clear,

Pseudoscopy in the Real Image of a Hologram

In the discussions of hologram zone plates, it was noted
that they can function as converging lenses, so that the real
image they form can be recorded on film just as is the real
image of a camera lens. A hologram of a scene also produces
a real image of the scene, and this image can be viewed on
a white card placed at the focal area, just as the real image
of a camera lens can be focused on a ground glass screen.
When the scene recorded by the hologram is a two-dimen-
sional transparency, the real image it reconstructs is also two-
dimensional, and it is then indistinguishable from the real
image a lens would form of that transparency. When, how-
ever, the original scene is three-dimensional, the real image of
a hologram is also three-dimensional, but it then differs sig-
nificantly from the real image which a lens would form of the
same three-dimensional scene.

This effect is shown in Figure 40. The viewer is assumed
to be at the right of the figure. As an object is moved further
to the left of the focal point of the lens, as from B to A, the
position of its image likewise moves to the left, as from B’
to A’. Objects A’ and B’ in this lens-produced real image
thus bear the same relationship to the viewer as do the actual
objects, A and B.

For the hologram real image, this is not the case. In the re-
cording process, luminous object A forms its own zone plate,
and the focal point of this, when developed and illuminated,
is, therefore, at the equidistant point, A’. Similarly, object
B forms its own zone plate, with the focal point at its equidis-
tant point, B’. For the viewer of this real image, objects origi-
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nally in the rear appear to be in the foreground and vice
versa. This reversal of forward-and-back objects has been
given the name pseudoscopy; the image is said to be pseudo-
scopic. Because such images are rather confusing, little at-
tempt has been made to utilize the real image for viewing
purposes. However, scientists at K.M.S. Industries in Ann Ar-
bor, Michigan, used a circularly symmetrical object (a cham-

“— REAL IMAGE
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Figure 40. Objects imaged by a lens retain their original relative
positions. When a hologram is made, each object forms its own
zone plate, and, on reconstruction, the real and virtual images
are positioned equidistant from the hologram; image inversion
(pseudoscopy) thereby occurs.

pagne glass) as a hologram subject. In the reconstruction
process, they presented the viewer with the real image, which
stood out in front of the hologram as sketched in Figure 41.
Because of the symmetry of the champagne glass, the ex-
change of front for rear was not significant, and the viewer
imagined he was seeing a normal, nonpseudoscopic image.
Others had earlier proceeded along different paths to ob-
tain “out-in-space” images. We have already mentioned one
process; that of focused-image holography. Another pro-




Sl ial e Bl s Sas &

86 LASERS AND HOLOGRAPHY

cedure used was to make a second hologram of the pseudo-
scopic image of a first hologram. The real image of this second
hologram then becomes a “pseudoscopic-pseudoscopic” image
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Figure 41. Notwithstanding the pseudoscopy associated with the
real image of a hologram, such an image can be made to stand
out in front of the hologram very realistically, provided it is cir-
cularly symmetric.

(a doubly reversed image), that is, a normal image. In this
process, any scene, including unsymmetrical ones, can be
used as subjects.

Image Inversion

As suggested in the sketch of Figure 41, both the real and
virtual images can be presented to the viewer. Usually, as in
Figure 41, they are widely different angles of view, and the
viewer cannot see both simultaneously. He must either re-
position himself to see the second image, or he must reposition
the hologram.

Figure 42 shows how a simple rotation of a hologram can
often accomplish this. When this (point source) hologram
is rotated a half turn as shown, a viewer placed so that he
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originally saw one of the images now would see the other. A
hologram made in this way of an actual scene would also be-
have in this manner. Because the viewer is usually at some
distance behind the focal point, f, the real image, having
passed through the focal point, is inverted, as for any focusing
lens. Were he to have changed his own position to see the
other image, he would have observed that the two images
are inverted relative to one another. In switching his view
from one to the other by a rotation of the hologram, however,
the second image is rotated top to bottom. Thus, if the image
he viewed first was right side up, the new image would also
be right side up, even though he has turned the holog?am
upside down. Rotations about other axes also cause curious
effects.

When in 1965, the author published a note on this phe-
nomenon, a wide response again resulted. A former colleague
sent a letter saying, “Beware! Other people’s holograms don’t
work that way”; an M.LT. professor explained the phenome-
non very elegantly with Fourier transforms; and a third cor-
respondent wrote: “The . .. properties . . . are exactly
what one should expect.”

Single Wavelength Nature of Holograms

One of the properties of grdinary holograms (and zone
plates) which limit their usefulness is their single-frequency
nature. We saw earlier that the design of a zone plate is pos-
tulated on one particular wavelength, and that for a given
zone plate, only waves of one wavelength will be properly
focused. Inasmuch as holograms are a form of zone plate,
they, too, suffer from this problem; only single-frequency
light waves can properly reconstruct their recorded images.
If light comprising many colors is used in the reconstruction
process, the various colors are diffracted in different directions,
and the picture becomes badly blurred.

The photos of Plates 26 and 29 were made using single-
frequency laser light for illuminating the holograms. For
Plates 33 and 34, these same holograms were illuminated
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with light from a mercury arc lamp. This light source consists
of many single individual colors, and the hologram causes
each color to be diffracted in a different direction. Very ob-
jectionable blurring thus results,

This effect in holograms, whereby various colors are dif-
fracted differently, makes it difficult to form a three-color
hologram simply by exposing the photographic plate to three
different-colored laser illuminations. In reconstruction, the il-
lumination by three laser beams of this “compound” holo-
gram would, in general, create nine images, only three of
which would be in proper registry. The technique employed
in making reflection holograms is one way to overcome this
difficulty. The procedure is identical to that described in the
last chapter for making three-color reflection zone plates.

Requirements on Film Properties

Light wavelengths are extremely short, and the recording,
on film, of a light wave interference patiern demands film
which has a very high resolution capability. All photographic
films have a coating or emulsion placed on a glass or flexible
film base. The emulsion is a mixture which usually includes
a form of silver salt as its light sensitive ingredient. This mix-
ture of materials can be finely or coarsely divided, and the
fineness of the grains of the light-sensitive ingredient deter-
mines how much detail can be recorded photographically.
When a recorded film is enlarged, one with coarse grains
shows blobs which limit the amount of recognizable detail.
Fine grain film permits a much greater enlargement before
such a limitation of detail becomes evident.

The film emulsion most widely used, so far, in holography
is one having an extremely high-resolution emulsion, the
Kodak 649F spectroscopic emulsion. It is capable of record-
ing more than 1000 lines per millimeter; it could for example,
record a photographically made hologram grating having
1000 lines per millimeter. Fine grain emulsions are necessary
because most holograms, particularly those having off-axis
reference beams, possess a very fine fringe spacing. The zone
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plate design in Figure 30 shows that, for it, the higher zones
are at very wide off-axis angles from the focal point; their
spacing approaches one wavelength of light. In holograms,
similarly, if the angle between the reference beam and the
widest angle of the waves from the scene exceeds sixty de-
grees, the fringe spacing is very close to one light wavelength.
At laser wavelengths, this would be approximately 1500 lines
per centimeter. It has been found that the 649F emulsion
can satisfactorily accommodate this spacing; in fact, it is even
satisfactory for reflection type (white light) holograms which
have, as we saw in the previous chapter on reflection zone
plates, exposed areas separated longitudinally within the
emulsion—spaced only a half wavelength apart (3000 lines
per millimeter).

The emulsion speed of 649F is only .05 (ASA rating) at
the red light region of the helium-neon gas laser (6328 Ang-
strom units wavelength). For this emulsion and such a laser,
rated at one-tenth of a watt output, an exposure time of
approximately one minute is required.

During the exposure time, the interference pattern to be
recorded must not be allowed to change (as would occur if
relative movement took place between objects of the scene or
between them and the reference beam). Accordingly, in mak-
ing the hologram, the objects are usually placed on something
which will not vibrate during the exposure time, such as a
several-ton block of stone or marble. A shift of even 1/100,-
000 of an inch of any object will change the relationship of
the wave crests and troughs, thereby moving and blurring the
interference pattern on the film and ruining the hologram.

If the angle between reference beam and the light from the
scene is kept small, the fringe spacing becomes much larger;
faster film then can be used. AGFA film Agepan FF can
resolve 500 lines per millimeter and has an ASA rating of
25.

Information Content

As spectacular as is the property of holograms which pro-
vides the viewer with so much information about the scene
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recorded, it is also exactly that property which has unfortu-
nately limited the use of hologram principles in many interest-
ing applications. Such applications include three-dimensional
movies and three-dimensional television, fields which would
obviously benefit if the realism of holograms could be im-
parted to them. The large information content of a hologram
is inherent in the extremely fine detail which must be re-
corded on the hologram film. As we saw, this detail, of about
1500 lines per millimeter, is available only in very special
photographic film. Present television systems employ a far,
far coarser line structure so that the outlook for using holo-
grams in television is very bleak.

Several methods have been suggested for reducing the in-
formation content of a hologram without sacrificing com-
pletely some of its interesting properties, but this task is a very
difficult one. Television pictures in the U.S. have approxi-
mately 500 lines vertically and 500 dots horizontally. One
television picture (corresponding to one frame of a movie
film) thus has an information content corresponding to 500
X 500, or 250,000 dots. A two-hundred millimeter by two-
hundred millimeter hologram (approximately 8 inches by 8
inches) having 1500 fringes (lines) per millimeter, would
have the equivalent of 200 X 1500 or 300,000 lines vertically
and 300,000 dots horizontally, with a total information con-
tent corresponding to 90,000,000,000 dots (ninety billion
dots). The ratio between the information in an 8-inch
square hologram and that of a U.S. television picture is thus
360,000. To reduce the information content of a hologram
by a factor that large would truly be a remarkable accom-
plishment.

Several procedures have been proposed to permit at least
some reduction in the hologram information content, includ-
ing one suggested by the author in a February 1966 publica-
tion, which involved retaining many tiny areas (perhaps 300
to 500 in each vertical line and a similar number in each
horizontal line) and discarding the remaining much larger
areas. Each retained area, though extremely small, would
still contain several light fringes, and the assemblage would,
therefore, still possess the zone plate character of the original
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hologram. A sequel to that proposal was investigated in 1968
by the U.S. scientist, D. J. DeBitetto, at the Philips Labora-
tories and L. H. Lin of the Bell Telephone Laboratories. De-
Bitetto retained one full, but extremely narrow, horizontal
strip of a hologram (one one-hundredth of the original
height), then formed a new hologram by repeating this one
strip 100 times in the vertical direction. The new hologram
displayed good horizontal parallax, and, accordingly, for the
viewer’s two, horizontally-positioned eyes, provided quite
realistic three-dimensional effects. It lost, in the process, the
vertical parallax originally observable by a vertical motion
of the viewer.

Holograms and Coherent Radar

The last property of holography we shall discuss is one
which sets holography definitely apart from photography, and
shows that, in spite of the similarities, holography is not just
a variant of photography, but rather, a basically new proc-
ess. This fact is significant, because two relatively recent and
very important new technologies, radar and sonar, have pat-
terned themselves along the lines of the older, classical, opti-
cal science of photography, with its extensive use of lenses
and reflectors. These technologies have accordingly inherited
the properties and limitations of photography.

A new form of radar, coherent radar, has broken away
from these traditional approaches, and it is free of the limita-
tions of lenses and reflectors. It is free from these limitations
because coherent radar is a form of holography. A wider
awareness of the basic differences between holography and
photography and, similarly, between coherent radar and or-
dinary radar, could lead to new, important developments in
radar and sonar.

In a coherent radar, a generator of highly coherent micro-
waves provides the terrain-illuminating signal, and it also acts
as a reference wave generator. As the airplane moves, the
reflected signals received from each of the points along its
flight path are combined with this reference signal. An inter-
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ference pattern is thereby generated, and this is transformed
into a light pattern and photographically recorded. This
record, a form of hologram, is later processed with laser light
to “reconstruct” the radar view of the terrain. Extremely fine
detail is possible in the presentation of such a radar.

Coherent radar waves returning from a reflecting point
have spherical wave fronts, whereas the coherent oscillator
signal acts like a set of plane reference waves. Each reflecting
point thus generates its own photographically recorded pat-
tern in the form of a zone plate (a one-dimensional zone
plate), similar to the two-dimensional holographic zone plate
record of a point source of light. When the radar record is
illuminated with laser light, an image of the original radar
reflecting point (and all other reflecting points) can be recon-
structed.

The comparison of holography and coherent radar under-
lines an important feature which is common to both and
which is not possessed by ordinary optical systems; this fea-
ture is that they both provide an unlimited depth of sharp
focus. In the usual optical imaging process employing a lens
or parabolic reflector, only one plane section of the image
field can be recorded in truly sharp focus; all other planes
will be out of focus in varying degrees. Ordinary radars obey
similar optical laws.

This focusing problem associated with lenses is absent both
in holography and in coherent radar. This is because each
point in the hologram scene (or each reflecting point in the
radar field) forms its own zone plate and each recorded zone
plate then causes coherent light to be sharply focused (i.e.,
reconstructed) at exactly the proper point in space. This re-
markable property of holography and coherent radar suggests
that broader uses of coherent radar concepts might advanta-
geously be made, particularly in large-aperture radars and
sonars.

Extensive contributions to coherent radar were made in the
late 1950s at the University of Michigan by a team under the
leadership of the U.S. scientist, Louis Cutrona; one of his
team members was Emmett Leith. Because the relationship
between coherent radar and Gabor’s holography is so close,
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one could almost say that holography was reinvented by
Cutrona and his team. They generated zone plates (one-
dimensional ones), they employed offset procedures to sepa-
rate the diffracted components, and they used laser optics to
regenerate the radar image. Fortunately for holography,
one team member, Emmett Leith, ingeniously extended his
coherent radar knowledge know-how to optical holograms,
and the first visible light laser hologram thereby came into
existence,

Acoustic Holograms

Akin to the microwave holograms of coherent radar are
acoustic holograms, formed by recording a sound wave in-
terference pattern. Here, too, the wave interference pattern
is transformed into a light wave pattern which, after a size
reduction, is viewed with laser light.

Dr. Rolf Mueller of the Bendix Research Laboratories has
pioneered in using, as an ultrasonic hologram surface, the
liquid-air interface above the area where the “scene” is
being “illuminated” with extremely short wavelength coher-
ent ultrasonic waves. A coherent reference wave is also di-
rected at this liquid surface, and it becomes the “recording”
surface for the hologram interference pattern. Because the
surface of a liquid is a pressure-release surface, that is, a
surface which “gives,” or rises, at points where higher-than-
average sound pressures exist, the acoustic interference pat-
tern transforms the otherwise plane liquid surface into a sur-
face having extremely minute, stationary ripples on it. When
this rippled surface is illuminated with coherent (laser) light,
an image of the submerged object is reconstructed.

Other ways of recording an acoustic interference pattern
photographically, for later laser illumination, include the neon
tube procedure described in connection with Figure 15; thus
just as Plate 6 could be considered a microwave hologram,
Plate 7 can be considered an acoustic hologram (as can the
numerous other acoustic fringe patterns in this book).

Epilogue

Probably the most intriguing aspect of holography is the way
in which all of the parts of the quite complicated puzzle came
together so elegantly for Gabor. It suggests an inventiveness
and a clairvoyance not often encountered.

Gabor’s first step was to recognize that all properties of a
wave pattern formed at a plane (e.g., the plane of a window)
by single wavelength light issuing from a scene are completely
specified once the size and relative positions of wave crests
and troughs (the amplitudes and relative phases) are speci-
fied. (Even this initial basic hypothesis of Gabor’s was, as we
have seen, questioned by some.) This recognition was, how-
ever, just the first step; to exploit it, he had to find, not only
a way of recording both amplitude and crest position (phase)
of the pattern, but also a way of retrieving, from such a rec-
ord, the original wave pattern,

Let us first think about the recording procedure. One very
common recording technique employs a device having a pen
which swings back and forth on a moving strip of paper,
thereby recording the electrical waves which cause the pen
to move. Such a device could have recorded the variations in
the output of the microwave amplifier during the scanning
process of Figure 15 (in place of the neon tube and camera
technique employed). Had this been done, a paper record of
the complete microwave interference pattern (containing both
amplitude and phase) would have been obtained. Although
all the pertinent information would thus have been recorded,
the useful retrieval of the original wave pattern would have
posed a difficult problem.

Gabor recorded his wave patterns photographically. His
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hologram records also contained amplitude and phase infor-
mation about the wave pattern, but, as in the case of the paper
record, for the information to be retrieved so as to generate
a replica of the wave pattern, a third step was required—one
far from obvious. In recent years, the problem of usefully
retrieving information which has been recorded (as, for ex-
ample, in thousands of books in a library) has been attacked
with great vigor, If someone had suggested to an information-
retrieval expert that 36 billion dots of information in a photo-
graphic recording could be reassembled so as to re-create a
prior light wave pattern simply by shining coherent light on
the record, he would surely have been most skeptical.

Gabor wrote down two equations, which Stroke has called
“the two basic Gabor equations.” From his first equation,
he knew that the wave amplitude and relative crest positions
would truly be recorded when the scene waves were combined
with a reference wave. We saw in Figure 7 that phase infor-
mation is recorded because the light is bright at the (+4)
points and less bright at the (+—) points.

At this point, we noted that Gabor’s recording process pos-
sessed one inherent flaw: the hologram record of phase and
amplitude does not have a one-to-one correspondence with
the desired recorded wave set. Thus, in the photographic rec-
ord of the point source and plane reference wave of Figure 7,
an identical phase record would have been produced by
several other wave patterns. We can see this by imagining
that the blocking zones of the zone plate of Figure 30 are
reflecting rather than absorbing. Plane waves arriving from
the left would then generate, in addition to the three wave sets
(converging, diverging, and straight-through) on the right, a
similar group of three reflected wave sets on the left, If a wave
set similar to any one of these four reconstructed converging
and diverging wave sets were to have been used in the original
recording process (in conjunction with a plane reference
wave set), the identical (planar) hologram zone plate would
have resulted. The situation is comparable to that of recording
a word which has numerous meanings, and then trying to
avoid ambiguity in the replay and ascertaining which of the
meanings was intended in the recording.

EPILOGUE 97

This ambiguity could easily have daunted another investi-
gator, but it did not daunt Gabor. When he set down his sec-
ond equation, expressing mathematically the interaction be-
tween the recorded pattern (the hologram) and a third wave
set (actually, one identical to the reference wave), he realized
that wave sets other than the desired set would also be re-
constructed. Nevertheless, the fact that the desired set would
indeed be reconstructed was of far greater significance,

Gabor subsequently proved experimentally the validity of
his conclusions, but in order to achieve maximum image
brightness with his weak source of coherent light, he viewed
his images by looking directly toward the source; the result-
ing superposition of images caused some blurring. Sixteen
years later, Leith was able, with the far more powerful light
from a laser, to exploit the offset procedure of coherent radar,
thereby angularly separating the several components. The
puzzle was assembled, the mission accomplished, and our
story ends.
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